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ABSTRACT 
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The handset product has been styled in successive years to reach more compact sizes 
and there has as a result been a reduction in volume available to house antennas; 
therefore size/performance trade-offs have had to become accommodated. Some of the 
issues antenna engineers are currently confronted with include; frequency shifting due 
to the antenna not being isolated from the handset, far field pattern deformation due to 
close proximity effects from the energy absorbing human tissues, distortion caused by 
noise from electronic components that share the handheld platform. What is required is 
antenna technology, which maintains a high enough performance despite the escalating 
restrictions imposed by the demands of the market. Research is performed on a twisted 
loop antenna topology that possesses an integral balun as part of its structure. Two 
rudimentary designs are utilised in the research, a simple bifilar structure that can be 
adapted for GSM, peN, Bluetooth and W-LAN applications, and a quadrifilar helix 
structure for use in GPS. Both structures are based on existing industrial dielectric-
loaded antenna structures but are modelled as novel air-loaded structures using a 
commercially available Method of Moments (MoM) electromagnetic simulator. In this 
fashion, the antennas could be generated quickly with low computational requirements. 
A parametric study is performed on the bifilar antenna structure to gain an enhanced 
understanding of the twisted loop topology. Once this understanding is achieved 
proposed modifications to the structure are implemented to improve the performance of 
the antenna. The main subject of improvement is the broadening of bandwidth as 
normally dielectric-loaded antennas have inherent narrow bandwidth. Any 
improvements made on the air-loaded structures could be tested on dielectric structures 
in future research. The most successful novel approach attempted to increase the 
bandwidth in the twisted loop structure was the insertion of parasitic helices to create a 
coupled multi-pole filter response. In conjunction with the work performed on the 
bifilar, an air-loaded GPS quadrifilar helix antenna was also modelled. A method for 
inducing circular polarisation is proposed and then by the insertion of parasitics into 
the quadrifilar helix design a novel dual-band dual-polarised antenna is presented. 
Finally measurements are made to demonstrate the advantageous properties the 
dielectric-loaded GPS antenna has over conventional GPS antennas. 
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Introduction Chapter 1 
CHAPTER 1.0 
INTRODUCTION 
1.0 Introduction to the Twisted Loop Structure 
Recent years have seen a mass growth in the sales of mobile handsets around the 
world, and with each successive year the size of the handset has reached more 
compact size. This reduction in the size of the mobile handsets has meant a restriction 
in the available space in which to house its antenna. The modem market also demands 
multi-banding or even multi-tasking antenna properties; therefore the design of 
antennas for mobile telecommunications has become increasingly complex. 
As telecommunication devices become more complex, manufacturers are demanding 
more novelty to keep customers attracted to their product. Current products are 
advertising B1uetooth or GPS capabilities in addition to having dual or triple-band 
properties. From the consumer's standpoint, WAP phones have also become more 
commonplace as well as handsets with increasingly alluring features. Some may say 
these features, together with the complex technology and the increased usage of 
mobile handsets have come about at a price as over the last few years. Not only has 
the issue of SAR (Specific energy Absorption Rate) been repeatedly broached, the 
quality of reception in some of the more sophisticated handset models has been 
compromised. 
From the SAR perspective, a number of computational simulations have shown a 
heating effect of various antennas from handsets [1-31 having on the side of the head 
where the handset is positioned. The debate as to whether the mobile handset antenna 
is harmful to the user continues because the application of the theory to prove the 
heating effects on the human head on a measurements platform is extremely complex. 
Nevertheless as energy is being absorbed by the consumer's hand and head the 
antenna is not power efficient when in use, and makes the power consumption of the 
handset more demanding and therefore reduces battery life. 
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Although the debate on SAR and whether mobi le phones pose a threat to human 
health has yet to be resolved, human interaction with mobile handsets is well 
documented. Antennas in mobile handsets a re electrica ll y connected to the handset 
such that when the handset is held, the antenna tunes to the appropriate resonant 
frequency as shown by Hill [4] in Figure 1. Consequently , as the human hand is not a 
standard size and varies from person to person, present antennas for mobile 
telecommunicati ons cannot be tuned for optimal performance . 
• ~ 
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Figure I. Tuning Effects of the Hand nnd Head on the Handset Antenna 
In add ition to the antennas not being optimally tuned for resonance at the frequency 
for which they were designed, the near fi eld of the antenna is known to interact with 
the fi eld absorbing human hand as well as with it' s surroundings, this includes 
interaction with the mobile handset housing. The effects of the interaction with the 
user on the antennas far field pattern are investigated later in the thesis. 
This means that from the modern day antenna des igners' perspective, what is required 
for mobi le telecommunications to compete with the current market trend is an antenna 
with the following characteristics; 
I. Small in s ize to account for the ever-decreas ing size of antenna housing 
2. A balanced feed system so the antenna has isolation from the handset to g ive 
the antenna a more robust antenna response as demonstrated by Leisten [5] 
3. Low user proximity effects to minimise degradation of the far field pattern 
-2-
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4. Wide bandwidth 
5. Low SAR 
These are just some of the considerations required for the primary linearly polarised 
antenna in a mobile handset. The characteri stics mentioned can also be applied to 
other linear polarised antennas for mobile telecommunications, in particular for usage 
on the Bluetooth application platform due to its diverse functionality. When the 
antenna is fitted onto cards for laptop computers for wireless connection, or onto 
wireless hands-free kits for mobile handsets, the need for isolation of the antenna 
from the device it 's connected to becomes apparent. 
The containment of the near fi elds to reduce user or close body proximity effects is 
vital for these and other bluetooth applications. In the case where the bluetooth 
antenna is connected to a laptop computer, a further issue of common mode no ise 
rejection needs to be confronted by the antenna des igner. Without these 
considerations and properties built into the antenna the Bluetooth data- link connection 
between products will be unreliable. 
The antenna topology proposed and researched for the linearly polarised applications 
of GSM, PCN and Bluetooth is the twisted loop antenna with integral balun, also 
known as the bifilar antenna as shown in Figure 2. The miniature dielectric-loaded 
bifilar antenna has been offered in the past as a low SAR and robust solution for 
mobile handset units. Its small size and containment of the near fi elds due to its high 
dielectric core makes it ideal for integration into small housings and for minimal close 
proximity effects from the user. 
The bi filar antenna was invented by Leisten, who saw the opportunity to combine a 
twisted loop antenna to a sleeve balun. This would create two main loop modes of 
resonance each hav ing a 3600 path length. The first resonant loop would be balanced 
and have complete isolation. The second resonant loop would not use the balun sleeve 
to choke to the currents, but would act as a path for the currents on which to 
propagate. Therefore much of the work perfo rmed with the bifilar has concentrated on 
the first resonant mode which uses the balun sleeve as a choke. 
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The loop antenna in the antennas topology was twisted as Leisten realised that an 
electromagnetic null would be formed which would be located near the users head 
when resonating in the balanced mode. The introduction of the dielectric core meant 
he could miniaturi se the antenna and have further control of the antennas fields, 
leading to antenna suited to mobile telecommunications. 
The twisted loops integral balun means the antenna is isolated from the device to 
which it is attached. The balun prevents currents flowing down the outer conductor of 
the feed cab le, which would normally couple the antenna to the handset therefore 
providing iso lation from the handset. When functioning optimally the antenna is 
therefore much less susceptible to the frequency shifting and far field pattern 
impairments experienced when human tissue holds the handset in proximity to a 
human head. These effects have been highlighted in the past for other personal 
telephone antennas; R Hill [4] also found 12dB, lSdB and 9dB impairments in the far 
field when a rod monopole, hel ical monopole and patch antenna in the PCN band 
were measured in normal talk positions in proximity to a human head. 
Dielectric 
core (e,~40) 
Radiating 
Section 
Sleeve 
Balun 
Impedance 
Transforming 
Feed Cable 
Figure 2. Proposed Twisted Loop Structure with Integral Balun 
-4-
Introduction Chapter 1 
The benefits of using the dielectric-loaded twisted loop structure on a handset 
platfo rm have been previously published by Leisten et al [7-16] and by Rosenberger 
[1 7]. These publications demonstrated SAR measurements as well as simulated 
results that highlighted the characteristic electromagnetic null of the far fi eld pattern . 
More recent publ ications on the dielectric loaded bifilar have also demonstrated the 
low SAR characteri stics but just as importantly emphasised the importance of 
isolating the antenna from the handset [5]. 
GSMIPC N and Bluetooth appl ications aren' t the only mobile telecommunication 
functions that have necessitated additional deliberation when being des igned. The 
handset product has been styled in success ive years to reach more compact size and 
there has as a result been a reduction in volume available to house antennas. Whilst 
size/performance tradeoffs in the terrestri al system have accommodated the 
consequent reductions in radiation effi ciency, there is no available way to mitigate 
this loss for the GPS system as it uses signals that are transmitted from satellites . 
However with the introduction of the Federal Communications Commission (Fe C) 
US E-911 emergency services position location by Global Positioning System (GPS) 
in October 2001 and with the impending introduction of E-11 2 in Europe, the 
impairment in radiation efficiency became a more critical issue. As the antennas remit 
for GPS is the reception of satellite signals there is currently no available way to 
mitigate for these impairments or to easily increase the signal strength . 
GPS reception requires differences in the antenna characteristics from those exhibited 
by the main GSMIPCN antenna in the handset. Instead of a far fi eld pattern directed at 
base stations, the GPS receivers are trying to obtain signals from satellites above the 
horizon. Just as importantly the signals being received are right hand circularly 
polarised and therefore for the GPS antenna also needs to be right hand circularly 
polarised for optimal reception. This means the linearly polarised antennas that are 
currently used for GSM in handsets would not have the optimum antenna response to 
provide a stand-alone positioning service. 
-5-
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Nevertheless to meet the deadlines set by the FCC for US E-9 11 emergency location 
some manufacturers have adopted a monopole antenna to function as their main 
network antenna and as the GPS antenna. A recent study performed by Leisten and 
Wingfield [6] has highlighted the potentially detrimental effects of utilising a linear 
polari sed antenna with a single ended feed as a GPS antenna. What is needed is an 
antenna technology that maintains a high enough performance despite occupying a 
small volume, being in close proximity to energy absorbing human tissues of the user 
and in the presence of noise and distortion from the radios that share the handset 
platform. An antenna with a predictable and robust far field pattern despite its 
environment is especially crucial when utilised on a life saving platform. Many of the 
properties mentioned are common with those required for Bluetooth, GSM and PCN 
appl ications. 
One of the reasons for the research being performed on the twisted loop structure, 
apart from the benefits it offers as a telecommunications antenna, is that by the 
introduction of an additional orthogonal loop to the structure as shown in Figure 3., 
the antenna can be made to radiate with circular polarisation. This gives a natural 
progression from the bifilar to the quadrifilar, although historically the quadrifilar 
came first. The quadrifilar helix, which is formed by a correctly phased orthogonal 
loop, was initially pioneered by Kilgus [18-21] who identified its far field 
characteristics. The characteristic cardioid pattern of the quadrifilar helix has good 
zenith gain and a broad beamwidth that makes it ideaJlic for GPS applications. 
-:~~1-- Fish-Hook Feed 
~ __ Radiating 
Section 
+ + ___ Sleeve Balun with 
Crowned Rim 
Figure 3. Dielectric Loaded Quadrifilar Helix Antenna 
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The function of the dielectric loaded quadrifilar helix as a GPS antenna is enhanced 
by the integral balun that is common to both this structure and the twisted loop 
structure, which again provides isolation from the handset box. This isolation in 
conjunction with the high dielectric core gives the antenna a robust and predictable 
pattern as recently demonstrated by Leisten and Wingfield [61. 
Unfortunately, although the miniature dielectric loaded twisted loop and quadrifilar 
helix antennas have advantages over the conventional telecommunication antennas, it 
has been shown that a number of modelling issues are encountered when simulating 
these antennas [221. Therefore to simplify the modelling and reduce the computational 
time of the simulations air loaded geometries can be utilised for the analysis of the 
structures. This is particularly advantageous, as only in recent years has the 
advancements in computational memory and speed required for accurate simulation of 
the dielectric structures been accomplished. In conjunction with the advancements of 
computational power, improvements have also been seen in the electromagnetic 
solvers but nevertheless the twisted loop and quadrifilar structures remain a challenge 
for any simulation software. 
1.1 Structure of the thesis 
The objective of Chapter 2 is to introduce the reader to the twisted loop antenna 
structure and to develop an accurate air loaded model of the GSM antenna structure. 
Due to the complications that arise when introducing the dielectric core to the 
simulation model an electrically equivalent air-loaded structure is modelled. This 
model would allow fast and accurate simulation of potential modifications to the 
antenna structure, before utilising a package with dielectrically loaded capabilities or 
measurements taken on a real model. 
The air-loaded simulation is modelled using a Method of Moment (MoM) called 
MiniNEC Professional for Windows (MiniNEC), which uses wires to build up the 
required geometry. For additional simplicity the coaxial feed system of the antenna 
structure is initially removed, this allows for just the antenna structure to be modelled 
as accurately as possible. The results generated by this model are then compared to a 
-7-
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model generated using an in-house Finite Difference Time Domain (FDTD) package. 
A coaxial cable is generated using the MiniNEC and inserted as the feed system for 
the twisted loop structure, this allows the effects of the feed system to be monitored. 
Models were then built for measurement and comparison with the simulated results. 
Having defined a robust air-loaded twisted loop geometry, two further geometries are 
developed for Bluetooth and PCN applications to be used later in the research. Finally 
a modelling technique is introduced for the coaxial feed system to avoid modelling 
issues that have been encountered and highlighted in previous work [211. These 
modelling issues are reviewed in a comparative study of some electromagnetic 
packages and their ability to model the twisted loop structure. 
Chapter 3 then looks more closely at the near and far field properties of the bifilar and 
ways of modifying the structure to achieve the required antenna response. This 
analysis is initiated using a parametric study to understand the primary modes of the 
antenna. In one study the far field is observed for changes in the characteristic Low 
Specific Absorption Rate (SAR) pattern of the balanced mode when the twist in the 
loop structure is altered. Another study seeks to define the current propagation of the 
single ended mode more precisely by the analysis of the near fields. The far field of 
the balanced mode is then analysed, and the realisation of the characteristic far field 
pattern by the simulation of electrical and magnetic dipoles is attempted. 
To complete the bifilar twisted loop analysis, before moving onto the GPS twisted 
loop structure, modifications are made to the structure increase its bandwidth. This 
included techniques such as making the helices into bowtie structures, which are 
known for their broadbanding capabilities, and the introduction of parasitics that 
would establish additional modes of resonance. As the simulations of the twisted loop 
with parasitics showed potential, a more intense investigation was undertaken. 
Chapter 4 progresses to the air-loaded GPS twisted loop antenna, which utilises two 
twisted loops orthogonal to each other to form a circularly polarised quadrifilar helix. 
Once again an integral balun is present to give the antenna the advantages of isolation 
from the telecommunications device to which it is attached. It will be seen that the 
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modelling of the quadrifilar helix geometry, with a single feed system, requires an 
awareness of modelling techniques to generate the phase quadrature for the 
characteristic circularly polarised far field pattern as demonstrated by Kilgus [18-211. 
Once the air-loaded quadrifilar geometry with integral balun has been constructed and 
its far field pattern displays circular polarisation, comparisons with measured results 
are then undertaken. Finally parasitics are introduced into the design in an attempt to 
broaden the bandwidth covered by the antenna response, by this method a novel dual-
band dual-polarised antenna is exposed. 
The advantages of the quadrifilar helix antenna with integral balun as a GPS antenna 
is investigated in Chapter 5 by means of measurements involving the dielectric-loaded 
antenna. Many publications have highlighted the benefits of the dielectric-loaded 
quadrifilar helix [6, 22-261 by means of theory; therefore measurements were 
perfonned to demonstrate this theory. 
Conclusions and future work emanating from the work carried out from this thesis are 
presented in Chapter 6. 
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CHAPTER 2.0 
CYLINDRICAL AIR-LOADED BIFILAR ANTENNAS 
2.0 Introduction 
The bifilar antenna was invented by Leisten, who saw the opportunity to combine a 
twisted loop antenna to a sleeve balun. This would create two main loop modes of 
resonance each having a 3600 path length. The first resonant loop would be balanced 
and have complete isolation. The second resonant loop would not use the balun sleeve 
to choke to the currents, but would act as a path for the currents on which to 
propagate. Therefore much of the work performed with the bifilar has concentrated on 
the first resonant mode which uses the balun sleeve as a choke. 
The loop antenna in the structure was twisted, as Leisten realised that an 
electromagnetic null would be formed which would be located near the users head 
when resonating in the balanced mode. The introduction of the dielectric core meant 
he could miniaturise the antenna and have further control of the antennas fields, 
leading to antenna suited to mobile telecommunications. Many of these concepts are 
given in more detail in the next two chapters. 
This chapter forms the foundation of the air-loaded bifilar antenna simulation models 
presented in this thesis. These models are based on the more complex dielectric 
loaded bifilar antenna pioneered by Leisten [I, 2, 3,4]. Most importantly, it develops 
simulation-modelling techniques crucial for the design and manufacturing of twisted 
loop antennas. It also facilitates the modification of current designs and development 
of future generations. 
Two air-loaded twisted loop antennas are presented in this chapter to establish a 
working simulation model that forms the basis of much of the work carried out in this 
thesis. These are based on a scaled up model of the dielectric-loaded bifilar with 
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dielectric constant 36 that was originally designed for GSM applications. The first 
model is configured with the coaxial cable feed excluded from the design to maintain 
simplicity in the development of the antenna design. The second artwork inserts a 
specially designed coaxial cable into the twisted loop model, so the complete bifilar 
model is simulated. 
The models are simulated separately so the main antenna structures can be rigorously 
tested for convergence towards accurate design solutions before the inclusion of a 
more complex feed system. This involved finding a compromise between accuracy in 
simulated results and simulation time, so an accurate model was developed that had 
good resolution but was not memory or time intensive. Once an accurate model has 
been established and verified, air-loaded models for PCN and Bluetooth applications 
will be generated for further modification and research. 
In section 2.2 the twisted loop structure is introduced and motivations for using air-
loaded structures and for using Method of Moments (MoM) software for the 
modelling are explained. The dimensions for the initial air-loaded design are 
presented in section 2.3, this topology was a very basic model compared to the more 
complex quadrifilar helix antenna, to be introduced later in the thesis, particularly 
with the cable excluded from the simulation for simplicity. The response of the 
simulated antenna is presented in terms of its return loss. 
In order to justify the MoM air-loaded model presented in section 2.3 modelled using 
MiniNEC Professional for Windows, the antenna is then constructed using a Finite 
Difference Time Domain (FDTD) method in section 2.4 and the results are compared 
with those of the MoM design. Impedance curves and return loss plots are used for the 
comparisons. 
To model the antenna accurately using the MoM package, a cable is introduced in 
section 2.5. The cable was modelled on its own at the outset so that the correct 
response was obtained without the added complication of the antenna structure. 
Different designs were attempted in trying to achieve an optimal coaxial cable design, 
and the method for calculating their characteristic impedance is described. Response 
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plots of various attempted cable models, as well as the formation of the final cable 
design can be seen in this section. 
This cable is then attached to the air-loaded bifilar developed in section 2.2, and the 
response of the complete air-loaded design, including impedance and return loss 
measurements, are assessed. By modelling the cable separate to the antenna the 
complex geometry of the cable can be accurately modelled before being utilised as the 
conduit for antenna excitation. The importance of the cable to the antenna structure in 
its ability to excite resonant modes will be seen. 
The MoM bifilar helix model with the cable excluded is then compared with the 
complete model where the cable was included. The impedance curves of the two 
models require embedding or de-embedding to make the comparisons possible. Far 
field radiation patterns of the modes of interest for the twisted loop antenna with cable 
will be displayed. It will be seen that for the balanced mode the far field pattern 
resembles that of a simple resonant dipole as suggested by the virtual dipole theory of 
the bifilar antenna. 
Section 2.6 compares the results of the two air-loaded bifilar models with a practical 
air-loaded measurement. The material properties used to construct the bifilar model to 
be measured are recorded, and the response of the antenna when measured is plotted 
with the simulated models for comparison. 
Section 2.7 makes practical use of the techniques established in the previous sections 
to develop an air-loaded Bluetooth model scaled to resonate around the centre 
frequency of the Bluetooth band 2448.5MHz. The Bluetooth band is 2400MHz -
2483.5MHz; although at the time of the research the upper limit was taken to be 
slightly higher. The dimensions of the simulation model are once again tabulated and 
the impedance curves and returns loss plots of the antenna are shown. Radiation 
patterns at the main modes of resonance will be displayed for analysis and for use 
later in the thesis. Having completed a twisted loop design for Bluetooth applications, 
another model will be developed for peN applications with once again its response 
plots and far field patterns displayed. 
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The Bluetooth and PCN design are to be utilised later in the thesis when analysing the 
properties and theory of twisted loop antennas. Although only GSM, Bluetooth and 
PCN bifilar designs are covered in this chapter, the techniques developed can be used 
for other communication bands. It is noticeable that the scaling factors required in 
developing from dielectric to air-loaded models in the PCN and Bluetooth models are 
similar and this fact could either be used in future investigations, or in research that 
studies twisted loop models constructed using intermediate dielectric constants in 
their core loading. 
Having shown that the simulated and measured results have good correlation, theory 
concerning the resonant modes is exploited as a means of simplifying the coaxial 
cable feed system further in section 2.8. This is a technique that could be useful in 
other modelling packages and eliminate some of the modelling issues associated with 
high resolution modelling. For example, without the elimination of the inner 
conductor when modelling a coaxial line would have stair-casing effects and very 
high resolution issues associated with it. 
Whether air or dielectric loaded the twisted loop topology poses a modelling 
challenge for numerical simulation packages. Some of the modelling issues associated 
with the geometry when using different packages are detailed in section 2.9, this 
includes the high resolution necessary for accurate modelling of the coaxial feed 
system to avoid stair casing effects due to the curvature of the thin metallisation in the 
structure. Finally section 2.10 summarises the essence of chapter 2 as conclusions. 
2.1 Air-Loaded Geometries 
In order to simulate the previously documented Dielectric-Loaded Bifilar Helix 
Antenna (DLBHA) [1,2,3,4,5] in air-loaded format, the approach taken was to model 
simplified geometries and then progress on to the full antenna artwork. This strategy 
enabled an accurate simulation model to be developed in small steps; therefore 
making sure each step was numerically accurate before progressing to the next stage. 
This was done by the use of convergence testing; using very high resolution for the 
-17-
Air-Loaded BifiIar Antenna Chapter 2 
modelling initially and then reducing the number of nodes and wires in the antennas 
definition in repeated simulations until accuracy is compromised. At this stage it 
would be known what resolution was required in the antennas structure before 
accuracy is lost. 
Through the use of the simplified geometries for modelling the DLBHA and also by 
comparing the air-loaded design to the dielectric model to make sure the modelling 
was comparable, a way of modelling the twisted loop topology in a robust manner to 
generate fast results was established. It was anticipated that this approach might 
facilitate designing future generations of the dielectric-loaded model, as computation 
resources at this stage of this research not sufficiently powerful to achieve the 
resolution required for numerical accuracy. 
As very few packages had the relevant dielectric-loading capabilities at this stage in 
the research, and those that did were memory intensive and took days to run, air-
loaded geometries provided a good medium for modelling the twisted loop structures. 
It was interesting to assess whether the air-loaded models could provide a channel for 
fast and accurate modelling which would prove computationally efficient in memory 
and simulation time. 
The main area of concern when modelling the twisted loop geometry is the attachment 
of the thin metallisation to the dielectric core as well as the modelling of the coaxial 
feed. Therefore excluding the dielectric core and the cable meant that only two media 
needed modelling, that of air and metal, making the simulation simplistic. This air-
loaded geometry would still be based on the dielectric-loaded bifiIar model so the 
theory for the modelling follows that of the DLBHA. The dielectric-loaded antenna 
can be broken down into four parts as shown in Figure 2.1. 
_~~~-- Fish Hook Feed 
Radiating Section 
-1IIot1-'--- Dielectric Core 
L_
n 
_J"-- Sleeve Balun 
Figure 2.1 Dielectric·loaded bifilar helix antenna 
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The DLBHA is manufactured using a thin metallisation printed onto a high dielectric 
ceramic core with a permittivity of 36. In essence the antenna is a 1800 twisted loop 
antenna balanced fed by a coaxial cable that passes ax iall y th rough the centre of the 
ceramic to the top of the structure. The sleeve balun acts as a transition between 
single-ended and balanced drives in o rder that the antenna can be fed with balanced 
currents. This balance serves to provide isolation for the antenna from the handset or 
device its connected to, therefore when the device is held the antenna will not suffer 
delUning or far fi eld pattern deformation. 
When in operation the currents flow from the inner conductor of the feed point round 
a helica l track, around the rim of the balun and back up the helical track that is 
geometrically oppos ite to the outer conductor of the coaxial cable. This resonant loop 
path is known as the balanced mode. The other dominant mode of the antenna is 
known as the single-ended mode. This is where the current fl ows round the helical 
tracks down the balun, across the balun base and back through the coaxial feed. 
These two modes can be seen more clearl y defined in Figure 2.2. 
,---____ --,1 (a) ________ -' (b) 
Figure 2.2 Balanced (a) and Single-ended Mode (b) 
To reduce the complexity of the des ign when modelling the antenna geometry, the 
dielectric core was initially excluded. The dielectric core with its high permittivity 
allows the antenna to have a small s ize with respect to its wavelength and contains 
many of the antennas near fi elds. Therefore modelling the dielectric core and the 
attachment of the metallisation to the ceramic puck requires much more consideration 
and software capability. 
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The other part of the structure that was excluded from the initial simulation runs was 
the coaxial cable with the 'fish hook' feed. This removal was necessary due to the 
small dimensions of the cable, as this would require high resolution modelling. The 
fish hook feed system is introduced later once the basic geometry for simulation had 
been established. 
A Method of Moments (MoM) [6] commercial software package ca lled MiniNEC 
Professional for Windows [7] was used for s imulating the metallic structures. The 
MoM technique is well-documented but is reviewed later in Appendix A. It utilises 
wires connected together by nodes to build up the antenna geometries. Nodes are used 
to subdivide each wire into subsections for the MoM computation. Due to the 
simplicity of the software (without any fac ility for including dielectric materials) the 
simulation time would be fast compared LO other available packages . 
With the exclusion of the dielectric core and the hook feed for the preliminary design 
the antenna geometry had to be modified. The effect of excluding the dielectric core 
would be that miniaturisation would not transpi re and the antenna would no longer be 
small compared LO its free-space wavelength. For this reason a multiplicati ve scaling 
factor of ~E, needed applying, i.e. a scaling factor of 6 for a relative permittivity of 36. 
When the cable is excluded from the geometry, the antenna is sourced at the LOp of the 
structure by the connection of the top tracks by a voltage gap, which is illustrated later 
in this chapter. One further consideration in the chapter is that the DLBHA helical 
tracks is made of thin copper tracks and not round wires as used in the air-loaded 
MoM simulations. Therefore, a well-documented thin strip to round wire 
approximation was used to account for this modification [8,9]. 
2.2 Preliminary Air-Loaded GSM Bifilar 
The first air-loaded twisted loop model to be addressed was a s ingle band PCN bifilar. 
The structure is basic and well behaved compared to other cylindrical loop based 
antennas and well documented in dielectric form therefore results could be read ily 
corroborated for accuracy. When operating effectively in the balanced mode a virtual 
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dipole should be present between the helical wires halfway up the radiating section. 
and this would be recognisable in the far field radiation pattern. 
To reduce compl ications in the structure further the dielectric core and the hook feed 
were removed. and the antenna geometry modified accordingly. The modified 
dimensions of the antenna can be seen in table 2.1. 
Parameter Dimension 
Total Height 72.6 mm 
Diameter 60.0 mm 
Radiating Section Height 39.0 mm 
Balun Height 33.6 mm 
Track Width 4.0mm 
Pitch Angle 22.48v 
Table 2.1 Dimensions of the air-loaded twisted loop 
The helical tracks at the top of the antennas topology were connected together and 
then the antenna excited by a centralised simple voltage gap source as shown in 
Figure 2.3. 
Figure 2.3 Voltage Gap Feed 
The bazooka balun of the antenna was constructed using a meshed wire structure to 
represent the continuous metalli sation of the balun seen in the dielectric-loaded bifilar 
helix antenna. The balun structure was meshed using wire arcs connected together 
using straight wires. Through convergence testing. the parameters of which are 
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described later in the chapter, it was found that using two wires arcs to represent the 
balun rim and the base and then by connecting these wire arcs at every 30° gave a 
good meshed representation of the balun sleeve. The base of the balun was meshed 
every 60°, and an extra wire arc at half radii , using 12 straight wires, provided more 
definition. The balun structure can be observed in Figure 2.4. 
y 
Figure 2.4 Balun Mesh Structure 
The wire arcs representing the balun base and rim consisted of 24 wires to give good 
circular definition to the balun structure. The technique of convergence testing used 
in the construction of the balun allowed for good definition of the balun without the 
use of excessive nodes that would add to the computational time. Although the 
structure was visually basic, convergence testing showed it gave numerically accurate 
representation of the balun. It was seen that if the structure of the balun was created 
too complex then errors escalated in the calculation of the antenna response. 
Therefore thi s method gave a computationally effi cient structure. 
The radiating section of the antenna structure was simpler in evaluation. To obtain 
good initial definition a three wire meshed structure was used for the helical wires in 
the radiating section to represent the helical tracks. A documented thin strip to 
cylindrical wire approximation calculated the wire radii [8,9]. Using the high 
resolution three wire meshed approach utilised large number of nodes so an 
equivalent single wire des ign was investigated and compared with the three wire 
meshed rad iating section. 
Twenty wires were used for each helix to give structural and visual accuracy. From 
Best [10] it is seen that onl y 12 wi res needed for computational accu racy though 
-22-
Air-Loaded Bifilar Antenna Chapter 2 
visuall y the resolution seems coarse. By using 20 wires for definiti on, this assured the 
numerical accuracy of the helices and gave good visualisation with a wire every 9°. 
Once aga in the single wire to strip width approximation was utilised for the radii of 
the wires. It was found that a s ingle wire could be used in the construction of the 
radiating section with no change in the antennas response. 
The convergence tests used to evaluate the geometries developed fo r the bifilar 
structure included the following considerations. 
• Increas ing the number of nodes on the wires used 
• Varying number of wire arcs and straight wires in the balun sleeve 
• Varying number of wire arcs and stra ight wires in the balun base 
• Varying the number of wires representing the c ircular definition of the balun 
and radiating section 
• Observing the effect of using single wires and three wires meshed In the 
definition of the radiating section 
From the use of the convergence testing a basic air-loaded GSM bifilar des ign was 
developed that was easy to generate and quick to simulate. The complete initial 
structure with s ingle wire radiating section can be seen below in Figure 2.5. The 
geometry gave an accurate response, in the frequency range 800MHz to 3.SGHz, 
when impedance and return loss plots we re compared to further simulated and 
measured results as will be revealed in the following sections . 
x. __ ,{ " .... 
-- - -
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Figure 2.5 Initial Rimar Structure 
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2.3 FDTD Method Air-loaded Design and Comparison 
As a comparison for the Method of Moments simulation of the preliminary air-loaded 
design without hook feed, a paralle l s imulation was performed using the finite 
difference time domain (FDTD) method. The same air-loaded des ign was modelled 
as in the previous section, except that the geometry was built using metall ic cell s for 
the metallisation instead of cylindrical wires as in the MoM package. 
The FDTD software used was an in-house purpose-built FDTD program with 
Berengers Perfectly Matched Layer (PMLs) [11) as absorbing boundary conditions 
defining the computational domain. As the theory for the FDTD method is well -
documented [11, 12] a rev ision of the theory is given in Appendix A. The geometry in 
the FDTD method is built up using Yee cells [13] , which for this initial geometry 
1 3 · . were mm In size. The geometry was built up using a mathematical defined 
structure, as no set primitives were avai lable. The mathematics firstly defined the 
balun base as a circular metallic disk, a cylindrical metallic sleeve on top of the disk 
was util ised to complete the balun structure. 
The two helical wires were then defined using the radius, height and pitch angle 
orig inating at the balun rim and terminating at the requisite height. The two 
termination points were then used for the start and fini sh points of the top track. One 
of the disadvantages of the in-house FDTD was no visualisation of the geometry 
being simulated was available, nevertheless the artwork was post-processed for 
mathematical inaccuracies and the geometry modified so no errors existed in the 
structure. Once the geometry was complete the structure was sourced using a voltage 
gap on the top tracks. The course resolution meant that a relatively fas t simulation 
time was obtained. Key parameters used in the FDTD simulation are displayed in 
Table 2.2 
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PARAMETER DIMENSIONS 
Cell Size Imm x Imm x Imm 
Time Step Increment J .6ps 
Computational Domain 110 x 110 x 120 cell s 
Modelling Objects Volume 80 x 80 x 90 cell s 
Number of Time Steps Run 10,000 
Total Time for Run 24 Hours 
Table 2.2 Parameters for the FDTD Method 
Although 10,000 time steps were run, convergence in the results had been obtained 
prior to the completion of the time steps. The extra time steps were performed 10 be 
certain that stability had been ach ieved and that the convergence of the results was not 
just temporary. The IS Yee cells thick absorbing boundaries surrounding the antenna 
structure proved satisfactory for the simulation. Figure 2.6 shows the resistance and 
reactance curves obtained from the FDTD and the MoM simulations for the air-loaded 
bifilar without the cable. These impedance values were taken at the top of the antenna 
geometries where the voltage gap is located, which wi ll be identified in this thesis as 
Za"t. It can be seen in Figure 2.6 that a very good agreement existed between the two 
air-loaded models in the frequency range 800MHz to 3500MHz. The return loss 
curve for the MoM simulation can be seen in compari son with other simulation runs 
later in this chapter in Figure 2.8 and 2.9. 
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Figure 2.6 FDTD Vs MoM Impedance comparison 
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Hav ing obtained good correlation between two different simulation methods for the 
air-loaded bifilar, the validity of the simulation needed to be proven with an air-
loaded measurement. For comparison with an air-loaded measurement the simulated 
antenna would require a coaxial cable to source the antenna, therefore a cable was 
introduced into the MoM simulation geometry. 
2.4 Cable Study and Insertion into MoM GSM Design 
The coaxial cable was not included previously to keep the structure as s imple as 
possible and to keep a fast simulation time. Due to the concentricity of the coaxia l 
cable structure it was to be expected that it would require high resolution modelling 
for accurate representation in e ither the FDTD or MoM software. High resolution is 
required due to the small di stance between the inner and outer conductors , and to the 
length of the cable in comparison to the distance between the conductors . In addition 
it is necessary to be mindful of the thickness of the conductors that are used in the 
modelling structure. 
When modelling the coaxial cable in MiniNEC Profess ional for Windows the outer 
conductor part of the structure was handled s imilarly to the balun s leeve. Circular 
wire s tructures were connected together us ing straight wires at every 60° to form a 
hexagonal meshed cylindrical structure representing the outer conductor. A 
hexagonal structure was used due to the limitations of the number o f wires forming 
the wire circles defining the outer conductor, this is shown in Figure 2.7. The wire 
circles had an outer diameter of 2.2mm that is comparable to the real dimensions of 
the coaxial cable. Each wire in the outer conductor had a radius of O.13mm calculated 
from the thin fi lm to cy lindrical wire approximation given by <le = 0.2Sa (where ae is 
the radius of the cylindrical wire and a is the width of the thin film). 
Cb :: :: I J 
Figure 2.7 Coaxial Cable Structure 
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The inner conductor had a radius of O.26mm and ran axially through the centre of the 
hexagonal outer conductor to complete the coaxial cable. The inner conductor was 
connected to the outer hexagonal conductor at the bottom by a single wire centrally 
sourced with a vo ltage gap excitation. 
The desired outcome for the coaxial cable of the GSM bifilar was to obtain an 
impedance curve with very little reactance and resistance of son in the frequency 
range 800MHz to 3S00MHz. The characteristic impedance of the simulated coaxial 
cable was calculated using two different lengths of simulated coaxial cable by using 
the general transmission line equation and by solving for the two lengths 
simultaneously. 
The final simulated coaxial cable structure consisted of the inner and outer conductor 
geometries being sectioned. The sections through the cable took the nodal formation 
of a diamond format, this is refl ected in the wire lengths used in Figure 2.7. This 
means that the sections at the top and bottom of the cable had few nodes compared to 
those sections in the middle. By partitioning the cable in this way, the amount of 
nodes required to make the cable were reduced dramatically, as well as giving a 
response close to that of a coaxial cable. The reactance was minimal and the 
res istance was within 3n of the desired son throughout the given frequency range as 
shown in Figure 2.8. 
Modelled CoaxIal u blelmpedance Plot 
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Figure 2.8 Impedance of Simulated Feed Cable 
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Different cable structures had been tested in finding thi s near ideal response for a 
simulated cable. Some of the structures tested included outer conductors formed using 
wires placed at 45° intervals instead of 60°, which resulted in a slower run time due to 
the greater number of wires utilised. Other s tructures had regular sections to form the 
cable, i. e. sections of length of 2cm or 1cm, but this gave an inferior response to that 
of the diamond partitioned cable. The structure of the final coaxial cable des ign can be 
seen later in this chapter. 
The cable was then attached to the air-loaded bifilar structure using a fishhook feed 
system as used in the dielectric-loaded bifilar antenna. The inner conductor of the 
simulated cable was extended out the top of the cable structure and hooked over the 
outer conductor and connected to one of the helica l tracks. The other helical track was 
then connected to the outer conductor. Thus in most respects the air-loaded bifilar 
model was a close approximation to the dielectrically loaded case. However an 
arbitrary 10cm length of cable was used to feed the antenna, as the required IJ4 length 
of cable would be too small to protrude through the antenna as required. Normally the 
cable used would have Ion impedance and be IJ4 in length to function as a quarter 
wavelength match transformer to allow fo r the transition from 2n impedance at the 
antenna feed point to the 50n input impedance of the coaxial cable input. 
The complete air-loaded GSM bifilar structure, as seen in Figure 2.9, consisted of 36 1 
wires and 1273 nodes. The antenna was simulated in the frequency range of 0.5-
3.5GHz in 800 steps in order that a high resolution was obtained. In comparison to 
this, the antenna with the cable omitted had only 259 wires and 574 nodes, thus it can 
be seen that the insertion of the cable is costly in terms of the simulation time. 
-28-
Air-Loaded Bifilar Antenna Chapter 2 
. ' 
. It , 
~ 
c l 
'- .' . 
(a) (b) 
Figure 2.9 The complete air-loaded structure (a) wire view (b) Nodal View 
Although the inclusion of the cable feed is costly in s imulation time. it will be seen 
that the cable is crucial to the design of the antenna and it 's modes of excitation. The 
feed point of the antenna without a cable was located at the top of the simulated 
antenna with impedance Z,m, which is different to that of the cable fed antenna that 
was fed at the bottom of the cable with impedance Z;n. Therefore in order that a fair 
comparison is obtained the impedance data needed to be manipulated so that 
impedance va lues were read from the same point. 
The impedance from the antenna with the cable omitted had its impedance values Z.nt 
embedded to the position of Z;n before its return loss was calculated. The return loss 
plot in Figure 2. 10, shows that the inclusion of the cable into the bifilar s imulation 
exc ites two additional modes in the antenna structure. As the balanced mode of the 
antenna would be present regardless of the presence of the cable, the first resonant 
mode is identified as the balanced mode, the second as the single ended mode and the 
third as a hybrid monopole mode. 
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Figure 2.10 Return loss of antenna with and without the coax 
These two additional modes , the single ended and hybrid modes, wi ll be seen to be 
critical to the response of the antenna and the nature of each of the modes identified 
later in the chapter. Electric far fi eld plots for the balanced mode will also be 
visuali sed. 
2.5 Air-Loaded Measurements and Comparisons 
To check the s imulated results for accuracy of s imulation, air-loaded models of the 
dielectri c- loaded antenna were bui lt for comparison. As far as the air-loaded 
simulation models, the phys ical models were scaled up in s ize by a factor of -VE,. For 
example for the case of the PCN bifilar (where E,=36), thi s implies a s ix fold increase 
in linear dimensions. 
The antenna was made using a metall isation of lO!lm on a dielectric PTFE substrate 
E,= 2.2 of O.lmm for rigidity of the structure. For extra rig idity the base of the 
antenna was made from FR4 of E,=4.1. A 10cm length of 50n coaxial cable was then 
inserted ax ially through the centre of the antenna and the top of the cable used as a 
Fishhook feed to exc ite the antenna. 
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The antenna was then measured us ing a 8753D HP network analyser in the frequency 
range 0.8-3.5GHz using 801 points. The return loss o f the air-loaded measurement 
can be seen below in Figure 2. 11 compared to the air-loaded antenna with cable 
simulation. It can be seen that the measured result like the simulated result has three 
modes present and that the two plots compare closely with one another. 
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Figure 2.11 Measured Vs Simulated Return Loss 
Past publications [1,2,3,4] can be used to identify the first two modes as the balanced 
and single ended modes. The third mode is believed to be a monopole mode brought 
about by the cable ins ide the dielectric core. As the first mode is present even without 
the presence of a cable, as seen in the simulations, it is believed that for the GSM 
bifilar the first mode is the balanced mode and that the second mode is the single 
ended mode as reviewed in Figure 2.12. 
Figure 2.12 Balanced (a) and Single·ended Mode (b) 
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The identification of the balanced mode is supported by looking at the electric far 
fi eld patterns, as it is known a virtual dipole is present towards the users head, i.e. 
perpendicular to the top track of the bifilar in a 0.5 helical turn bifilar. The virtual 
dipole of the bifilar antenna is investigated more thoroughl y later in the thesis by 
mathematical analys is and also by the use of small antenna theory. The currents on 
the bifilar structure can also be used to identify the balanced mode, as the phase 
difference in the helical tracks 1800 half way up the radiating section, typical o f a 
resonant loop antenna. The electric fa r fie ld radiation pattern of the first mode of the 
simulated GSM bifilar can be seen in Figure 2.13; where the change in co lour in the 
plots represent the change in the z-ax is and not variation in fi e ld intensity. It is 
identica l to that of the measured GSM antenna and is a characteri stic pattern of the 
balanced mode. 
Total Electric Fields Total Electric Fields Plan V iew 
0' It--, 
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Figure 2.13 Etectrie Far Field Pattern of the balanced mode 
The comparison of the measured with the simulated results, gave further confirmation 
that the air-loaded model had been modelled accurately using the Method of Moments 
software package. Having established a modelling technique for the accurate 
simulation of an air-loaded bifilar, it could now be modified and investigated further 
with confidence. The work performed on the air-loaded bifilar structure was published 
by Cai et al [14] and contains more detail s concerning the research that was 
perfo rmed. The author 's contribution to thi s publication was the modelling of the air-
-32-
Air-Loaded Bifilar Antenna Chapter 2 
loaded bifilar antenna which showed good agreement with the simulated FDTD 
geometry as well as the measured results. 
2.6 Bluetooth Twisted Loop Antenna 
Throughout the time period in which thi s research was undertaken the focal point of 
the mobile telephony market was continually changing. Telecommunications 
companies were requiring multi -banding antennas for the present market, with 
research into GPS, Bluetooth and low SAR antenna des igns for future markets. A 
number of twisted loop des igns were therefo re required and built to keep up with the 
ever-changing market, each des ign con figured for a different communications band 
with a view to study key areas of the wireless telephony market. 
In the previous sections techniques were developed for simulating an accurate a ir-
loaded tw isted loop antenna based on a GSM 1800 dielectric-loaded model. From the 
results it could be seen that an air-loaded geometry could be accurate ly modelled 
though the model would require re-scaling in order to obtain the requisite frequency 
that the model was designed for. 
These techniques were applied in generating models to cover different communication 
bands and investigating into new research areas. Potentially, one of the biggest 
marke ts for antenna des ign is currently the Bluetooth market, and so the next design 
modelled was the air-loaded Bluetooth twis ted loop. The twisted loop antenna was 
thought to be particularly relevant to the Bluetooth market due to some of the features 
it possesses compared to its rivals as listed in chapter 1. Consequently there was 
urgency in modell ing a preliminary air-loaded Bluetooth model. 
The a ir-loaded Bluetooth bifilar was initially developed using the die lectric-loaded 
design and the dimensions scaled by ..JEr as was confi rmed with the PCN design. T he 
techn iques developed earlier in the chapter were applied to the Bluetooth des ign to 
generate the geometry to be s imulated. The response of the antenna would then be 
analysed for the resonant frequency and the geometry re-sca led accordingly to move 
the resonant frequency to the centre frequency of the Bluetooth band. This was to 
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keep all dimens ions scaled relative to one another in the preliminary stages. Further 
modifications are made to the geometry in chapter 3. 
The final dimensions to make the air-loaded Bluetooth bifilar resonant at the requisite 
frequency are presented in table 2.3. The dielectric-loaded dimensions were increased 
by a scaling factor of 3.3 13 to give the air-loaded dimensions with the same resonant 
frequency or the balanced mode of 2448.5MHz. 
Parameter Dimension 
Total Height 32.5 mm 
Radiating Section Height 16. 1 mm 
Balun Height 16.4 mm 
Radius 13.3 mm 
Pitch Angle 21.1 u 
Table 2.3 Dimensions of air·loaded Bluetooth twisted loop 
The response of the air-loaded Bluetooth bifi lar can be seen in chapter 3 where it is 
used as the standard for the parametric study. For this purpose two geometries were 
built, with and without the cable. 
2.7 peN Twisted Loop Antenna 
The third communications band of interest requiring an air-loaded twisted loop 
geometry for future investigation was the PCN band. Transition dielectric-loaded 
bifilar antennas designed around the PCN communications band had been 
manufactured in an attempt couple the single-ended and balanced mode to make the 
antenna broadband. Therefore the antennas manufactured were not designed strictl y 
fo r the PCN communications band and the resonant frequency of the modes required 
determining from measurements before the air-loaded geometry was built. These 
results can be seen below in Figure 2.14, with each of the fi ve antennas display ing 
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three resonant modes. The first two modes respectively were the balanced and single-
ended modes, and the third resonant frequency being a hybrid mode. 
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Figure 2.14 Measured peN Bifilars 
When the dimensions of the dielectric-loaded bifilar are re-scaled to give the 
dimensions for an air-loaded structure, only one of the resonant frequencies remains 
constant due to the frequency shifting that transpires when the dielectric core is 
removed. The first resonant frequency located at 1630MHz was the target frequency 
for the balanced mode of the air-loaded structure. A scaling factor was required to 
produce the air-loaded geometry from the dielectric loaded dimension; the parameters 
for the air-loaded structure are displayed in Table 2.4. 
An interesting part of this structure compared with the Bluetooth and PCN bifilars is 
the amount of helical turn. For all former twisted loop antennas in this dissertation a 
0.5 helical turn was employed though for this PCN transition design a 0.43 turn is 
utilised. The effecls of this change are examined in a parametric study performed in 
chapter 3. 
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Parameter Dimension 
Total Height 51.9 mm 
Radiating Section Height 29.6 mm 
Balun Height 22.3 mm 
Radius 21.5 mm 
Pitch Angle 26.7" 
Helical Turn 0.43 
Table 2.4 T ransitional peN a ir-loaded antenna 
2.8 Simple Coaxial Cable Structure 
In modelling the fundamental twisted loop antennas required for the research carried 
out in thi s thes is. it is clear that the construction of the geometry brought about 
modelling issues that needed address ing. One of the issues addressed prior in the 
thesis was the modelling of the fish-hook feed and coaxial cable. 
The cable structure that was defined for the preliminary models consisted of a meshed 
wire outer conductor with a sectioned wire inner conductor. The inner conductor was 
connected to the outer conductor at the bottom of the cable structure by a small s ingle 
wire used to excite the structure using a voltage gap. The guidelines for MiniNEC 
states that each wire making up a junction should not be diss imilar in their segment 
lengths and that for best results the ratio of the segment length on one wire compared 
to the segment length on an adjo ining wire should be less than 2. 
Apart from the cable being a complex structure. the small di stance between the inner 
and outer conductor means the wire used for sourcing the structure dictates the 
computational efficiency of the simulation. For numerical packages with dielectri c 
included. o r that use cell s to build up its geometry the modelling of the cable becomes 
more intricate and very high resolution is required. An example of this is seen in the 
fo llowing section dealing with modelling issues. The aim of this section is a proposed 
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simple model for the coaxial cable, by taking into account the current flow of the 
different resonant modes. 
In the balanced mode the cable plays no part other than to feed the antenna, however 
in the single-ended mode the current flow down the helices, down the balun, across 
the balun rim and then back up the outer conductor. This implies that to simplify the 
model, the antenna could be excited at the top of the artwork on the top tracks, and 
that the coaxial cable could be replaced with just its outer conductor thereby still 
allowing the currents to propagate in the single-ended mode. 
This method was tested on the PCN air-loaded geometry and the return loss and 
impedance curves remained consistent with those of the full coaxial cable model 
artwork. Although the inner conductor consists of only 56 nodes the simulation time 
is reduced by an hour. This technique could prove more profitable in other numerical 
software where modelling of the coax ial cable in the twisted loop topology proves 
computationally inefficient with regards to time and memory required. As the smallest 
cell often dictates the time taken for the simulation to run . The modelling of the cable 
in other numerical software packages and other modell ing considerations when 
simulating the twisted loop antenna are summarised in the fo llowing section. 
2.9 Modelling packages and considerations 
In recent years a number of simulation packages have become available for antenna 
modelling. Some of the packages utilised for modelling the twisted loop structure, 
whether air or dielectrically loaded, can be seen in Table 2.5 categorised by their 
electromagnetic solvers. Some of the packages below have been analysed in 
comparati ve studies in the past [1 5,16) though not in conjunction with the modelling 
of a specific artwork. 
A number of solvers were included in the study with methodologies which included 
Transmiss ion Line Modelling (TLM), Method of Moments (MoM) or the Finite 
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Difference Time Domain (FDTD). The tabulated numerical packages will be analysed 
on its ability in s imulating the twisted loop; and modelling issues that were 
encountered will be identi fied. The overall performance of the simulator is also 
considered. 
TLM MoM FDTD Fl 
MicroStripes Expert Min iNEC In-house CST 
Profess ional for developed Microwave 
Windows FDTD Studio 
method 
FEKO LC 
XFDTD 
Table 2.5 Simulation Packages Evaluated 
As previously highlighted, many issues ari se when the high dielectric core is 
introduced into the s imulation and therefore an air-loaded structure is used to 
circumvent modelling di fficulties in some of the packages used and in packages wi th 
no dielectric capab ilities. Further details o f the research carried out in this section can 
be obtained from Jayawardene et al [17] . 
On the evaluation of the software packages different fac tors were used to appraise the 
applications, these factors included; 
• Run time 
• Resolution issues 
• Meshing accuracy 
• Macro function availability for fast input of parametric changes to the 
geometry 
• Des ired output 
The dielectric loaded twisted loop model utilised in the evaluation has been 
previously documented. It is manufactured using a printed thin metallisation onto a 
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high dielectri c constant ceramic puck with relative permittivity of 36, other 
dimensions are shown in Table 2.6. It is expressed electrically in terms of its modes 
earlier in the chapte r. 
Total height 12.10mm 
Diameter 10.00 mm 
Relative Permittivity 36 
Track Width 0.75 mm 
Balun height 5.60 mm 
Helix angle 22.48° 
Metallisation 6Ol1m 
thickness 
Table 2.6 Dimensions of manufactured DLBHA 
When modelling the twisted loop geometry, numerical packages require a 
recommended number of cells or nodes per wavelength . When a high dielectric media 
is used a higher cell resolution is needed. This can cause excessive computational 
time and memory requirements. This is one of the advantages of using air-loaded 
geometries as it is computationally less demanding, gives a quicker run time and has a 
increased likelihood of accurate modelling. 
The balun and helical tracks are comprised of printed curved thin metallisation that is 
particularly susceptible to staircas ing effects . This means that often a compromise is 
necessary between computational time and geometry accuracy in order to obtain the 
required resolution. The compromise in the geometry accuracy takes the form of 
increased metall isation and cell s ize. For faster run times the cable was removed from 
the simulation models and a 1 Volt voltage-gap was utilised sited at the top of the 
antenna where the two helical arms meet. Although removing the coaxial cable was 
an inaccurate method to excite the antenna it did provide an effi cient alternative to 
compare the applications. 
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2.9.0 Transmission line modelling application 
MicroStripes. The DLBHA and similar geometries have been modelled extensively 
using the commercially available TLM application MicroStripes. Detailed description 
of this work can be found in the literature [18,19,20] . Modelling of the structure took 
approximately 30 hours using a Sun Sparc20 (200 MHz) using 365,000 cells and 
about 130 Mbytes of RAM. 
MicroStripes resources can be used effi c iently in grading the works pace mesh size. 
Therefore high cell resolution is applied around the model to account for the thin 
metalli sation and a cruder resolution is sufficient further away. This high resolution 
modelling is also a requirement in the cable structure, if sufficiently high resolution is 
not applied then short-circuiting may occur between the inner and outer conductors. 
This is illustrated in Figure 2.1 5 where the distance between the conductors is less 
than a ce ll dimension and highlights the requirement for high resolution. This 
application could benefit from the simple cable structure previously developed, as 
short-circuiting would no longer be an issue due to no inner conductor being present. 
Figure 2.15 TLM cable meshing 
2.9.1 Method of moments applications 
Expert MiniNEC Professional for Windows. The modelling issues fo r this MoM 
numeri cal software has been discussed earlier in detail , and so will be summarised for 
this comparati ve study. Other than fast s imulation times, MiniNEC has the advantage 
-40-
Air-Loaded Bifilar Antenna Chapter 2 
of having set primitives for geometry building and provides useful outputs including 
current distributions, fi eld patterns and impedance plots. 
As no dielectri c-loading capabilities are ava ilable in this software only air-loaded 
structures were simulated. The thin metallisation was modelled using a thin wire 
approximation that represents metallic strips as wires, and the cable and balun were 
represented by convergence tested wire meshed structures. Des igns with and without 
the cable were modelled and when the cable was excluded the run time is seen to 
reduce from 24 hours to 7 hours for 801 frequencies using a Pentium II 350MHz PC. 
The importance of modelling the cable and inclusion into the geometry was 
demonstrated in the duration of this analysis. 
FEKO. This is not a purely MoM electromagnetic solver package, as it uses a 
combination of MoM, Unified Theory of Diffraction (UTD) and Physical Optics 
(PO). It is one of the few MoM based packages in today's market that has dielectric 
capabilities . It has other advantages including parallel processing capabilities , 
conforrnal meshing, a range of availab le outputs and a CAD based geometry 
developer. 
In contrast to MiniNEC which uses wires to build up its geometry, FEKO utilises 
metallic tri angles and dielectric cuboids with their size calculated with respect to the 
nominal wavelength. For the air-loaded des ign with the cable excluded the metallic 
triangles could represent the twisted loop structure with a high resolution and gave 
fast run times. The results compared well with the air-loaded results of MiniNEC as 
seen in Figure 2.16 
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Figure 2.16 MiniNEC Vs FE KO Impedance 
When the dielectric capabilities were introduced into the geometry the resolution of 
Ihe structure was constrained by the amount of RAM required to simulate the model. 
As the platform used had 330Mbytes of RAM the geometry was restric ted to 1812 
metallic triangles and 656 dielectric cuboids for the dielectric core and took 24 hours 
to run on a Pentium II 350MHz PC. 
Due to the memory limitations the dielectri c core had a coarse resolution that gave 
rise to stai rcas ing as well as dielectric cuboids protruding through the metalli sation. 
This was problematic as air pockets were sandwiched between the helices and Ihe 
dielectric core as seen in Figure 2. 17. This unfortunately led to incomprehensible 
re ults and attention was focussed on a less complicated air-loaded structure which 
was successfully simulated. 
~~ ___ Vollage 
Gap 
Figure 2.17 Dielectric.loading Geometry Errors 
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As a result of this work carried out with FEKO, modifications are being made to the 
software that should improve the attachment of metallisation to dielectric bodies. 
These changes are necessary in order to enable the modelling of the dielectric-loaded 
twisted loop topology. Until this modification is made it is clear that both MiniNEC 
and FEKO are best suited to modelling the simple air-loaded bifilar helix antenna. 
2.9.2 Finite difference time domain applications 
Solving for Maxwell 's equations, the Finite Difference Time Domain (FDTD) method 
is popular because it suits the requirement of a wide range of electromagnetic models. 
In conjunction with the in-house FDTD mentioned earlier in the comparison with 
MiniNEC, three commercially available time domain solvers were investigated to 
model the antenna geometry. The software models used in the antenna simulations 
were; 
• LC (2.1 0) which was originally developed by CRA Y computers, and now is 
developed by a number of collaborators 
• XFDTD (demo version 5.1) developed by Remcom Incorporated 
• Microwave Studio (2.0 RCI) developed by Computer Simulation Technology 
(CST) 
In-house FDTD Code. The in-house developed FDTD code with Berengers split 
field PMLs and a trigonometric/geometric input fil e was used to model both the air 
and dielectric-loaded geometries. The air-loaded model has been introduced earlier 
and published [14) in conjunction with the MiniNEC modelling and so shall not be 
discussed further in this section. 
The DLBHA model was attempted without a cable with 400,000 mesh cell s of size 
500 x 500 x 200 microns. The geometry required 2 days run time for 60,000 time 
steps on a 350M Hz Pentium 11 PC. Unfortunately convergence of the impedance 
curves was not achieved, even when the time steps were increased to 100,000 time 
steps to allow for better stab ility. It was concluded that this was due to the crude 
resolution that gave rise to staircas ing errors. 
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Le. The advantages of using LC as a simulator is that it has set primitives for 
modelling, and offers an interface between LC and circuit simulator SPICE. Linux 
versions are avai lable with parallel processing capabilities and displays a variety of 
outputs including far field patterns, current distribution and impedance plots. 
Unfortunately a helix geometry was not provided amongst the set primitives for 
modelling. Therefore a MicroStripes input file was modified as the input to LC, with 
12 cell thick second order Berengers PMLs being utilised as the absorbing boundary 
conditions. A resolution of 8,000,000 100 cubic micron cells were used and run on a 
Cray J90 single processor. The run time for 150,000 time steps was 59 hours and 
required 953.3Mbyte of RAM. The simulation still had not converged to a plausible 
result after thi s t ime. 
XFDTD Version 5.1. Similar to other packages, this application has the advantages 
of set primitives for fast model generation, parallel processing and a good variety of 
output displays. But in contrast to previously reviewed packages it has SAR 
computation and a human body biological mesh is ava ilable. 
A IS cell thick second order Liao absorbing boundary conditions surrounded the 
modelled DLBHA. 8,000,000 cell s with a size resolution of 100 cub ic microns 
defined the geometry and took 14 days to run 90,000 time steps on a Pentium II 
350MHz PC us ing 239.4Mbytes of RAM. Once again the impedance curves had not 
converged to a result. 
Microwave Studio (MWS). The last of the packages to be used in modelling the 
DLBHA was based on a Fin ite Integral (FI) solver that is similar to the FDTD 
therefore categorised here under the FDTD solver applications. It uses a Perfect 
Boundary Approximation (PBA TM) when modelling curved surfaces for increased 
accuracy. This accuracy of curved surface modell ing is also enhanced by adaptive 
meshing capabilities. Other advantages that add to the versatility of this package 
include set primitives for modelling, single or dual processor capabilities, a variety of 
output formats, importation of standardi sed CA D file fo r easy model construction and 
a human mesh model for SAR simulations. 
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The helices of the DLBHA were precisely modelled by the rotation of a lOO-micron 
thick metallic strip around the dielectric core. The arrangements for s ignal sourcing of 
the structure were unlike other packages as it utilised a waveguide port method as its 
excitation. A 4 cell thick Berengers Perfectl y Matched Layer (PML) wall was used for 
the Absorbing Boundary Conditions (ABC), and 290280 mesh nodes in total were 
used for the modelling. Total run time was 15 hours on a Pentium 1II 850MHz PC to 
obtain the accuracy that is avai lab le from a model of this resolution. 
As shown in Figure 2.18 there was reasonable agreement between the simulated and 
measured S11 plot for the DLBHA. As the geometry could be easi ly manipulated for 
parametric changes, this gave a good bas is for further development of the dielectric-
loaded twisted loop, though thi s is not the main subject of this thes is. 
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Figure 2.18 MWS compared with measured Return Loss 
2.9.3 Modelling applications summary 
TLM has been useful in the past in proving the principles regarding the twisted loop 
topology and has been well documented [1 8, 19, 20] . It can be a diffi cult tool for 
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accurately predicting the antenna response. Careful modelling and compromises are 
required fo r the topology as demonstrated by the cable example. 
Both of the MoM packages were easy to use and showed good agreement in 
mode lling the air-loaded geometry and with the measured results. However it was 
found that the cable was critical to the antenna response and required accurate 
modelling. Although FEKO did exhibit dielectric- loading capabilities it experi enced 
and highlighted the obstacles common to both the TLM and FDTD packages. 
The in-house built FDTD code gave good agreement between the air-loaded MoM 
model and measured results and the results documented. When the DLBHA was 
attempted the in-house FDTD, LC and XFDTD all fai led to converge to a plausible 
result. Staircasing errors due to curvature of the geometry were one of the princi pal 
issues for the failure to converge. Another outstanding issue for the dielectri c loaded 
geometry was interfacing of dielectric, metal and air in a single cell that would occur 
due to the thin metall isation. Some improvements were observed in these inaccuracies 
with MWS's PBA ™ (Perfect Boundary Approximation) method based on the Finite 
Integral solver. 
The small antenna that is realised by the dielectric-loading requires that a 
correspondingly small cell size is essentia l in the DLBHA, this has a knock-on effect 
on the memory consumption and the run time. This cell size is dictated by the 
requirement of 2 cells minimum required for the helical track width and for the 
dielectric in the coaxial cable. If the metallisation thickness is modelled accurately 
then very high cell resolution is obligatory, though could be made more memory 
efficient if the software has the inclusion of adaptive meshing or graded meshing 
techniques. 
2.10 Conclusions 
It has been demonstrated that air-loaded geometries can be successfully simulated 
using industri al specifications fo r dielectric- loaded twisted loop antennas. Preliminary 
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models for GSM, Bluetooth and PCN were developed using a MoM software package 
that util ises stra ight wires sectioned by nodes to develop the required artwork. 
It was observed in the GSM model that using a ..JEr scaling factor when progress ing 
from the DLBHA to the air-loaded des ign was no t applicable and that the primary 
modes of resonance were located at higher frequencies. This inaccuracy was only 
recti fied for the Bluetooth and PCN models by re-scaling the air-loaded geometries as 
the GSM model function was as a development tool fo r the principal twisted loop 
structure. 
The balun of the antenna was modelled using a meshed structure that had been 
convergence tested which kept the structure simple for fas t s imulation time but 
detailed enough for accurate simulation. The convergence testing comprised of high 
resolution modell ing to define each part of the antenna structure, and then reducing 
the resolution until the accuracy of the model is compromised. The testing also 
increased the number of wires used in defining the balun and helical wires, but it was 
fo und that increasing the mesh defin iti on of the structure beyond a point made the 
antenna more difficult fo r the numerica l solver to ca lculate and inaccuracies were 
observed. Ultimately a s imple mesh structure for the balun and helical wires were 
utili sed which had a short simulation time but good numerical accuracy. 
The convergence testing demonstrated the compromIse between run time and 
resolution that is common with many simulation packages. It was also shown that the 
radiating section, which is critical to the functionality of the antenna, did not need a 
high-resolution meshed model for the helical arms and that single wires employing 
the thin wire approx imation technique could be utilised with little or no change in the 
antenna response. 
The MiniNEC MoM twisted loop model with the cable excluded was compared wi th 
simulated results obta ined from an in-house built FDTD method software and then 
later with a commercially available MoM software package FEKO. All packages 
showed good agreement fo r the basic model, even though coarse reso lution was 
utilised with the FDTD method. 
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When a proposed simulated coaxial cable was introduced as the feed system 
additional resonant modes were viewed, substantiating that the cable is critical to the 
antenna's response and in particular for the single-ended mode. With the cable 
included into the des ign good correlation were seen with measured results. Due to the 
complexity of modelling a coaxial cable in many numerical packages a further feed 
system was proposed that eliminated the inner conductor and would allow for slightly 
coarser resolution. This feed system allowed for the propagation of the s ingle-ended 
modes and hybrid modes and compared well with previous results. 
Finally a comparative study was performed on a number of commercia lly ava ilable 
numerical packages in conjunction with the twisted loop antenna. It was seen that due 
to the thin metallisation and curvature of the DLBHA stair cas ing in the geometry and 
air pockets between the metallisation and dielectric core became an issue for some of 
the packages utilised. These issues can be reduced by the use of higher resolution 
modelling by use of smaller cell size. The smaller cell s ize is also required for a high 
dielectric as an increased number of cells per wavelength for the geometry is needed. 
But the consequence of a smaller cell size is increased run time and memory 
requirements and satisfactory modelling may still not be achieved. 
High resolution modelling is a requirement when the coaxial cable is introduced into 
the geometry. Stair casing issues are seen and compromise between modelling 
accuracy and memory requirements becomes a necessity. The problems associated 
with modelling the thin metallisations in the dielectric- loaded twisted loop topology 
have been somewhat resolved by adaptive and graded meshing techniques, though 
much care and time is essential in the generation of the model. 
The air-loaded design prov ides a simpler and more robust structure to model that is 
faster to generate and more computational efficient in terms of run time and memory 
requirements due to absence of the dielectric core. Parametric changes are eas ier to 
implement and fewer issues need consideration, as no metallisation attachment to 
dielectric is present. For these reasons the analysis utili ses air-loaded topo logies. 
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CHAPTER 3.0 
INVESTIGATION INTO BIFILARANTENNA THEORY 
3.0 Introduction 
Simulated air-loaded bifilar helix antenna designs had been developed in chapter 2 
and these showed good agreement with measurements and when compared with 
simulated results from other packages for accuracy. In this chapter investigations are 
performed focusing more in-depth at the antennas properties. This attempts to show 
how the air-loaded twisted loop design relates to the published theory by Leisten et al 
[1-6l of the more complex dielectric-loaded bifilar antenna. It also attempts to 
advance the existing theory relating to the twisted loop antenna. 
A parametric study is performed in section 3.1 on the twisted loop antenna to identify 
the sensitivity of the primary modes due to subtle changes in the antennas topology. A 
study of this nature ultimately aims to help identify the changes in antenna response 
caused by the inaccuracies of the manufacturing process. For example the dielectric 
core of the dielectric-loaded bifilar helix has a dielectric constant of 36 ± I , though 
the shift in resonance caused by the inaccuracy of the dielectric is unknown. A 
parametric study could identify how much change could be expected from 
inaccuracies in the dielectric constant and suggest ways in which the artwork could be 
modified to bring resonance back to the required communications band as 
modifications to the dielectric core is problematical. 
More importantly, and the objective of this investigation, was whether or not the 
bifilar could be made broadband by the coupling of its primary resonant modes. 
Amongst the parametric changes observed in the investigation are variance in the 
balun height, diameter of the antenna and changes in the helical turn. From this study 
conclusions can also be drawn about whether broad banding of the antenna is poss ible 
by the coupling of its primary modes. 
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The helical turn investigation in the parametric study is monitored for far fi eld pattern 
deformation in the balanced mode. This is due to structure of the radiating section 
being critical to the characteristic electromagnetic dipole pattern, which ultimately 
contributes towards the low Specific Absorption Rate (SAR) properties of the 
dielectric-loaded bi filar antenna. Therefore any changes that are made in the radiating 
section are carefully monitored by analys is of the return loss and the far fi eld patterns. 
The parametric study will also investigate the primary modes of interest for the 
twisted loop in the context that they are more complex than present theory indicates. 
Section 3.2 attempts to further present theoretical understanding by briefl y examining 
the near fi elds of the air-loaded bifilar antenna. This will help identify the current 
flow assoc iated with the primary antenna modes. As the balanced mode has been well 
documented [1 ,2,3,4] the key interest in thi s section will be the single-ended mode. 
After examining the near fi elds in more detail, the properties of the balanced mode in 
the far fi eld are examined. Only the balanced mode is investigated in the far field, as it 
is the main mode of operation for the bifilar, and displays a characteristic pattern due 
to a hori zontally disposed virtual electromagnetic dipole which is of physical use for 
low SAR applications. In Section 3.3 small dipole antenna theory is used to try and 
identify the composition of small e lectric and magnetic dipoles that could be utilised 
to form the characteristic patte rn of the balanced mode. Theory states an 
electromagnetic dipole exists due to a magnetic reversal in the radiating section 
[1,2,3]' so modelling of electric and magneti c dipoles are used to prove the existence 
of the electromagnetic dipole. This would also g ive an understanding of the electric 
far fi eld for the antenna in terms of the dominance of e ither the electric or magnetic 
dipole, which would in turn be dependent on the topology of the antenna. 
Techniques to broadband the air-loaded bifilar antenna are developed and analysed in 
Section 3.4. The first technique attempted was the flaring of the helical arms in the 
radiating section to form a Bowtie twisted loop structure. A bowtie formation was 
considered due to its broadbanding nature, whil st making the meta llisation in the 
radiating section more complementary; i.e. the metallisation and non-metallic parts of 
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the radiating section would have the same configuration, which is a recognised 
procedure for broadbanding. 
The other technique utilised for broad banding was introducing paras itic helical arms 
to create more resonant modes that could be coupled with the primary modes. A s tudy 
on the effects of the additional arms on the antennas response was performed 
including changing the length of the parasi tics and their positioning around the balun. 
It will be seen that as the parasitics are positioned closer to the existing helical arms 
coupling between the arms occurs. This coupling could have adverse effects on the 
primary modes and therefore the electric far field patterns of the balanced mode were 
aga in monitored for variation. 
3.1 Parametric Study 
During this research , the bandwidth of the dielectric-loaded Bluetooth antenna design 
needed broadening, as the ex isting design did not cover the Bluetooth frequency band. 
The air-loaded design was chosen to a id the advance of the dielectric-loaded model in 
attempting the coupl ing of the single-ended and balanced modes . A parametric s tudy 
would not only reso lve if the two primary modes could be coupled but would also 
demonstrate the changes in antenna response that could expected when different 
parameters of the antenna are compromised; for example if the dielectric constant of 
the ceramic core was not precisely 36. It could also reveal what corrections could be 
made to the antenna if the resonant frequency was found to be too high or too low. 
The standard for the studies was assembled by use of an industrial specification for a 
dielectric-loaded model and modified for the air-loaded geometry. The GSM design 
earlier in the thesis showed the scaling factor from the dielectric to air-loaded 
geometry was not a straightforward ..JE, factor. Consequently the geometry was 
modified accordingly to obtain the centre frequency of the Bluetooth band (2448.5 
MHz). 
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To couple the two modes a parametric approach was taken, that allowed an analysis 
of the modes that are characteristic of different geometric options. This gave insight 
into how much influence the changes in the geometry had over the antenna response. 
For efficient design it is advantageous to know what alterations to the antenna's 
geometry needed to be made to couple the modes. This could prove to be time 
efficient in designing future artworks by the modification of past specifications 
through enhanced understanding of the bifilar theory. 
Although the investigation was done on an air-loaded model the results were to be 
correlated in a future study with the dielectric-loaded model so that a direct 
correlation between air-loaded simulations and real life ceramic bifilar antennas 
existed. The proof of correlation was attempted using a metallisation printed on a thin 
dielectric, which was subsequently wrapped around the ceramic core of dielectric 
constant 36. The results of the 'wrap around' dielectrically loaded antennas did not 
exactly replicate the manufactured DLBHA, as might be expected due to the 
complexity of the attachment of the metallisation to the high dielectric. 
The air-loaded to dielectric-loaded model correlation was also attempted using a 
metallisation printed on a thin high dielectric substrate that could be wrapped around 
to form the cylindrical antenna. The main issue with this technique is the higher the 
dielectric the more brittle is the substrate. Therefore the correlation could not be 
attempted with existing technology, although some companies are developing high 
dielectric flexible substrates that may ultimately be ideal for this type of investigation. 
Two designs were utilised for the parametric study, with and without a cable present, 
so the modes of excitation could be thoroughly examined. The Bluetooth model with 
the cable excluded was to focus more on the effects of the geometric changes on the 
balanced mode, as no single-ended mode would be present. The geometry with the 
cable enabled the examination of both the single-ended and the balanced modes in 
coalition with each other. Together the studies could thereby give more information 
about how the antennas perform under contrasting circumstances. Through 
consideration of the antenna responses in this way it is possible to interpret whether or 
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not the two independent modes could be coupled in such a way to give rise to broad 
banding. 
The frequency of interest for the balanced mode was the centre frequency of the 
Bluetooth band 2448.5 MHz. The dimensions of the Bluetooth geometry for the 
standard can be seen in table 3.1 , a scaling factor of 3.3 was used on the dielectric-
loaded model to obtain the air-loaded model. 
= .+---- Fish Hook Feed 
.- Radiating Section 
-L-_ Dielectric Core 
..... - Sleeve Balun 
Figure 3.1 Original Dielectric-Loaded Bifilar Antenna used for the Air-Loaded Models 
ANTENNA VALUE 
PARAMETER 
Total Height 32.5 mm 
Radius 13.3 mm 
Radiating Section Length 16.1 mm 
Balun Height 16.4 mm 
Hel ical Turn 0.5 
Table 3.1 Parameter of Air-loaded Tw,sted Loop 
The parametric study of the bifilar comprised of four independent geometric changes; 
each designed to analyse the different effects of the changes in the antenna response. 
The first two investigations concentrated on the effects due to the change in the puck 
diameter, this study was relevant due to the tolerances of the ceramic pucks in 
manufacturing. In the extreme case ceramic pucks with a specified 8.0mm diameter 
had been measured at 7.8mm. Therefore by varying the diameter of the air-loaded 
model, the effects on the antennas response could be observed. 
The third investigation looked at variance in the antenna height by changing the balun 
height and maintaining the radiating section. Obviously this study was intended to 
show the effects that could be expected if the ceramic core had a greater height. To 
-56-
Bifilar Antenna Theory Invesligal ions Chapler 3 
complete the parametric study, the helical turn in the radiating section of the antenna 
was varied whilst maintaining the height of the antenna. This exploration was 
particularl y important as the radiating section topology is the key to the antenna 's 
behav iour, and so both the response of the antenna and the total electric far fi eld 
patterns were analysed fo r any changes. 
3.1.0 Puck Diameter Variation 
The fi rst study involved the Bluetooth geometry without the cable to see what 
happened to the balanced mode when the puck diameter was varied with respect to the 
standard . The diameter of the Bluetooth model generated in chapter was increased by 
2.0mm in O.5mm steps. [t is reasonable to hypothes ise that the effect of increas ing the 
diameter would cause the electrical length of the balanced mode to increase and the 
resonant frequency to decrease. The opposite could be expected to occur when 
decreasing the diameter of the air-loaded puck; as was investigated when the diameter 
was decreased by 2.0mm in O.5mm steps. These hypotheses were verified by the 
results of this simulation investigation shown in the return loss plot below in Figure 
3.2. 
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When the cable was added to the geometry the single-ended mode became enabled in 
the antennas response. It is to be expected that the changes in the diameter would not 
affect the single-ended mode of excitation in the same manner as it had the balanced 
mode. As the modes of excitation have different routes of current flow as shown in 
Figure 3.3. Both modes have in common that the currents use the top track and the 
helical arms, but in the single-ended mode the currents flow down the balun, across 
the base of the balun and the back up the outer conductor of the coaxial cable. This is 
in contrast to the balanced mode where the currents flow down the helices, around the 
balun rim, then back up the geometrically opposite helix, along the top track to the 
cable to from the path loop. 
a. ~~ _______ ~-.I b. IL _________ '---' 
Figure 3.3 (a) Balanced and (b) Single-Ended Modes of Excitation 
The main variance between the electrical lengths of the modes is caused by the 
difference of the electrical length round the balun rim imposed by the change in puck 
diameter. The difference in these two lengths would represent any extra shift in 
resonance seen by one of the modes compared to the other. Again the procedure of 
the first study is repeated with the diameter of the original twisted loop structure being 
altered by 2mm in O.5mm steps. The return loss results of the investigation can be 
seen in Figure 3.4. 
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Figure 3.4 Puck diameter variance with the cable inserted. 
Due to the greater d istance of the currents flowing around the balun rim in the 
balanced mode compared to single-ended mode where the currents pass across the 
balun base, the balanced mode shifts more in frequency when the diameter of the 
antenna is altered. For a O.Smm change in the diameter, a frequency shift of 4SMHz 
was seen in the balanced mode, the same as seen in the first study, compared to only a 
lSMHz shift in the single-ended mode. 
From known current flow theory of the bifilar the extra frequency shift in the 
balanced mode was expected, although the amount of shift that would occur was 
unknown. As a guide, the frequency shift could be approximated for the two modes 
using two geometries from Figure 3.4 whose diameter differed by O.5mm. MiniNEC 
specifies the length of each wire used in the simulations, so by adding the lengths of 
the wires used in each of the paths taken by the currents in the simulations the 
frequency shifts could be calculated with respect to differential electrical path length. 
It was found for a diameter reduction of O.5mm the balanced mode would shift by 
36MHz and the single-ended mode would shift by 24MHz. 
Although the calculated values using the path length of the simulated models do not 
accurately pred ict the simulated results seen in Figure 3.4 they do show that the 
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balanced mode shifts more than the single-ended mode when the diameter of the 
antenna is adjusted. This independent movement of the modes with respect to one 
another could be useful for broadbanding an antenna, as to couple the two primary 
modes one of the resonant modes would need to shift by more than the other mode. 
3.1-1 Balun Height Variance 
For the third study the balun height was the variable whilst maintaining the height of 
the radiating section. This meant that the total height of the antenna would change in 
accordance with the height modification of the balun. From the theory of the bifilar, if 
the modes are operating optimally at their frequencies of resonance then the balanced 
mode should not be affected by this change. Due to the currents flowing around the 
balun rim changes in the balun height should not affect the balanced mode. The 
single-ended mode would be affected as the current flows down the balun and across 
the balun base. 
From this hypothesis it was perceived that frequency shifting would occur in the 
single-ended mode and minimal change would occur in the balanced mode. The shift 
in the single-ended mode would only be small compared to when the diameter was 
changed as the diameter of the antenna has a geometrically greater effect on the 
electrical path length. For example, changing the diameter of the puck changes the 
lengths of the helices, the top track, balun rim and base. 
In performing the investigation, the balun was increased and decreased by 2mm in 
lmm steps. The total number of simulations run was reduced, as it was believed that 
trends would be visible with half the amount of simulations of the two previous 
studies. The return losses of the investigation can be seen for comparison in Figure 
3.5. 
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Figure 3.5 Balun height investigation 
It is evident from the plots that both modes are affected by the change in the balun 
height. For a Imm change in balun height the balanced mode experienced a frequency 
shift of 6.5MHz this shift implies that the balun is not working optimally and that 
some current flows down the balun sides in the case of the balanced mode. The 
single-ended mode shifted by 15MHz for a Imm alteration in the balun, unfortunately 
for an increase of Imm an increase of 15MHz transpires which does not confirm the 
bifi lar theory . 
The balanced mode has been well -reported [4,5] and behaves in accordance with 
theory. The single-ended mode is more complex in its understanding due to the 
current flowing on the balun base and on the coaxial cable as seen in the near fi eld 
plots later in this chapter. This means that the balanced mode will follow present 
bifilar theory adequately, but for complete understanding the single-ended mode 
requires a more perceptive analysis; see section 3.2. 
3.1.2 Helical Turn Investigation 
In the final investigation of this parametric study, the amount of helical turn was 
analysed. Up to this point the bifi lar only had a 0.5 helical turn in the geometry. By 
performing this geometri c change it was believed that the response of the antenna 
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would vary greatl y as the radiating section is a key aspect of the antennas intricate 
des ign. 
The total height of the antenna and the pitch angle of the helices were kept constant 
by adjusting the balun height to meet the helical arms. The amount of turn was 
reduced to 0.4 and then increased to 0.6 in 0.05 steps. An extra 0.05 turn reduction to 
0.35 was considered to help explain some interesting results that arose when the 
helical turn was reduced. The balanced and single-ended modes could both be 
expected to be affected as the electrical length of the antenna is altered quite severely 
for both modes. For a change in helical turn of 0.05, the electrical length of the 
balanced mode changes by 8.9mm and the single-ended mode by 5.7mm. 
As the radiating section is of paramount importance to the total electric fa r field 
patterns in the balanced mode of the bi filar geometry, the far fi eld patterns were 
monitored for deformation in the characteristic electromagnetic dipole pattern. This 
was of concern, as a pos itive side of the bi filar is its low SAR properties when 
operating in the balanced mode as published by Leisten et al [1 ,2, 4, 5,6] and as seen 
later in the chapter. So any alterations that might be made to the radiating section to 
improve the antenna response may have an adverse effect on the SAR of the antenna. 
From the return losses of this investigation seen in Figure 3.6, it can immediately be 
seen that the he lical turn variance has a greater effect on the antenna response than the 
other variables in the parametric study. 
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81uetooth Helical l ength Variations 
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Figure 3.6 Helical turns variance. 
As the amount of turn was increased the resonant frequency of the balanced mode 
decreased rapidly due to the increased electrical path length . The electrical length of 
the single ended mode was compensated for by the increased balun height, so the 
resonant frequency decreased though not in the same capacity as the balanced mode. 
This determined that when the helical path length was decreased the resonant 
frequency of the balanced path increased faster than that of the single-ended mode 
and that consequently the two modes began to couple. As the balanced mode 
approached the single ended mode, the frequency shift changed from 180MHz to 
280MHz. This implied that the balanced and the single-ended mode could be coupled 
together, as shown by the response of the 0.35 helical turn simulation. 
When the helical turn was reduced to couple the two modes further, the shift in 
resonant frequency of the single ended mode changed from 60MHz to 5MHz before 
coupling with the balanced mode. This meant in theory the broad banding by coupling 
of the bifilar 's primary modes is possible, although to be completely certain of this the 
return loss response requires monitoring to make sure the match doesn't deteriorate so 
as to make the antenna inoperable when the bifilar is changed from a 0.5 helical turn 
antenna. 
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The change to the amount of helical turn that was necessary to enable the two modes 
to couple can be considered to be quite severe in terms of the antenna geometry 
visualisation. Due to such severe deforming of the natural design of the 0.5 turn 
bifilar, it was prudent to examine the fa r fi eld to gauge the effects. The 0.5 helical 
turn geometry had the expected virtual dipole pattern with the null of the patte rn 
perpendicular to the top tracks of the artwork as seen in Figure 3.7(a) . Comparing this 
with the 0.4 helical turn in Figure 3.7(b), it can be seen that the reduction of the 
helical turn has altered the natural dipole total far-fi eld pattern characteristi cs of the 
bifil ar. 
Total Electric Fields Tota l Electric Fields 
la) Ib) 
Figure 3.7 Tota l Electric fa r fields fo r 0.5 helica l turn (a) and 0.4 helical turn (b) 
As the amount of helical turn is reduced the pattern of the antenna changes. It can be 
postulated that there are two interacting reasons that cause the distortion to the 
pattern. As the balanced and single-ended modes couple together the patterns that are 
associated with their distinctive modes hybridise into a pattern that is di storted. 
As the helica l turn is reduced further the coupling of the primary modes increase and 
the currents fl ow throughout all metallisation of the antenna structure. For the 0.35 
helical turn the two modes had coupled and the antenna was therefore broad banded 
by the reduction of the helical turn. It was seen that as the virtual electromagnetic 
dipole became less distinctive as the modes couple, Ihe patterns got more distorted. 
Figure 3.8 shows the far fie ld pattern of the 0.35 turn Bluetooth geometry, the effects 
caused by the two modes coupl ing can clearl y be seen. 
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Total Elcclric Fields 
Figure 3.8 Far field of 0.35 helical turn 
3.2 Primary Modes' Near Fields 
One of the interesting points arising from performing the parametric study on the air-
loaded twisted loop antenna was that although the balanced mode responded 
according to the theory, the single-ended mode was seen to deviate s lightly to some of 
the geometric modifications. For example, an increase in the balun height the single-
ended mode caused an increase in resonant frequency; whereas a decrease in 
resonance would be expected. 
This unexpected behaviour was reasoned to be linked with the current flow in the 
single-ended mode, and that perhaps the path taken is more complex than presently 
understood. Past publications [6) imply the current fl ows across the top tracks, down 
the helical tracks and balun sleeve then across the balun base as shown in Figure 3.9. 
b. ___ ______ ... 
Figure 3.9 (a) Balanced and (b) Single-ended mode cur rent now 
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If the currents did followed the path as indicated by Figure 3.9, then a s ingle-ended 
mode could be expected to appear when the antenna has the cable excluded and is 
excited by a voltage gap where the top tracks meet. Though it has been seen that the 
single-ended mode only appears when the coaxial cables' outer conductor is present 
in the geometry. This implies that the outer conductor plays an essential part in the 
current flow pa th. Therefore by analys ing the near fi elds of the bifilar antenna in both 
the balanced and single-ended, it was believed that the paths of the currents could be 
validated. 
Figure 3.10 Orientation of Bimar for Near Fields Investigation 
For the investigation of the near field of the bifilar was rotated by 900 with respect to 
its top tracks. This was so the maximum current on the helical tracks that helps induce 
the electromagnetic dipole could be observed in the form of near fields and no t be 
obscured by potential fi elds emanating from the cable feed structure. The near fi elds 
for the primary modes are shown in Figure 3. 11. 
F igure 3.11 (a) Balanced and (b) single-ended near fields 
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[n Figure 3.11 (a) , the currents for the balanced mode follow the theory closely, with 
little current flowing down the balun sleeve to the base of the balun. The current seen 
down the balun sleeve shows the antenna is not quite optimally des igned. This slight 
current flow would account for small changes in the resonant frequency when the 
balun sleeve height is altered in the parametric study. 
Figure 3. 11 (b) shows when the twisted loop is operating in the single-ended mode, the 
coaxial cable does have current flowing on the outer conductor as hypothes ised. The 
coaxial cable forms a IJ2 resonator with the balun, as both have IJ4 electrical lengths, 
which when combined with the helical arms and top tracks completes the resonant 
path loop taken by the current to create the single ended mode. This highlights the 
importance of the inclusion of the cable into the geometry, and increases the 
comprehension of the single-ended mode. 
3.3 Balanced Mode Electromagnetic Dipole 
Having viewed the near fi elds of the primary mode of the air-loaded twisted loop 
antenna, the resulting far fi eld pattern of the balanced mode was examined more 
closely. Past publications [1 -6) state that the characteristic far fi eld pattern for the 
twisted loop antenna is caused by an electromagnetic dipole. The publications have 
previously identified this electromagnetic dipole through the magnetic reversal that 
occurs due to the bifilar structure and not through the modelling of small electric and 
magnetic dipoles. 
The dielectric loaded bifilar antenna can be classed as a small antenna and therefore 
its far fi eld patterns should be reproducible from small antenna theory using the 
modelling of small electric and magnetic dipoles. [t is necessary to constrain the 
analysis to consider small antennas as opposed to consider antennas with significant 
lengths or volumes to insure that mathematical solutions are obtainable. To perform 
this analys is the assumption is made that the length of the antenna is very small 
compared to the wavelength (1<1..), and also that antenna is made of wi res of very 
small radii so no variation of current is seen across the radius of the wire(a<l..). This 
-67-
Bifilar Antenna Theory Investi gations Chapler 3 
implies that the current across the antenna is considered to be constant or a virtual 
point source. As this work is aimed to reproduce the fi elds produced by the 
electromagnetic dipole formed by the bifilar helix antenna, these mathematical 
assumptions are valid as the current is present over a very small distance compared to 
its wavelength. 
This section aims to show that when operating optimally in the balanced mode the far 
field pattern can be represented by an electromagnetic dipole modelled using small 
antennas. Defining the far fie ld patterns in terms of the dominance of the electric or 
magneti c dipoles that are used to represent the twisted loop will extend present 
understanding of the balanced mode. 
If possible this work can give a very simplistic look of the bifilar antenna in terms of 
its virtual electric and magnetic dipoles. This could be extended to looking at how the 
dominance of the dipoles are effected in different media; i.e. bifilars with ferrite cores 
instead of dielectric or varying dielectric constants. By the use of different cores in the 
bifilar structure, the optimisation of max imising the efficiency of the antenna could be 
investigated as different field components would be affected by different media. As 
there is a trade off between efficiency and the specific absorption rate in antennas 
further analys is could also be performed in this fi eld. Therefore performing analyses 
of this nature could be considered as a powerful tool for future research. 
From past publications and looking at the characteristic near fields in the previous 
section it was seen that the current flow is well defined by the theory in the balanced 
mode. The current flows from the top of the antenna down the helical wires, round the 
balun rim then back up the geometrically opposite helical track. When operating 
optimally, minimal or no current flow should be seen on the balun sleeve and base. 
This implies a rectangular loop antenna twisted by 1800 could represent the bi filar 
antenna operating in the balanced mode; this is due to the balun structure being made 
redundant as a result of the main current propagation being around the loop of the 
radiating section. When the electric fa r fi elds of the twisted rectangular loop are 
visuali sed it can be seen that the fields show good agreement with the bifil ar structure 
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Figure 3.1 2. The twisted rectangular loop represents an idea li sti c bifilar pattern if the 
currents flowed exactly according to theory, and this ideali stic behav iour is what is 
des ired when the bifilar twisted loop topology is modelled using small antenna theory. 
Total Electric Fields Total Electric Fields 
(a) '--_______ -' (b) L-_______ -l 
Figure 3.12 Twisted loop and bifilar far field patterns 
Co-polar and cross-polar field components were examined fo r the comparison of the 
far fi elds of the twisted loop with the small dipole antenna, using elevation planes at 
45° intervals. From looking at the fi eld components for the tw isted loop structure in 
Figure 3.13, it could be seen that the co-polar and cross-polar patterns at 0° were both 
figure of e ight configurations with the other orientations being moderately omni-
directional. 
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Figure 3.13 Theoretical Co and Cross polarisations of the Twisted Loop 
Chapter 3 
When visualising far fi eld patterns in terms of their components, dipoles are normally 
approached in terms of their principal planes i.e. 0° and 90° planes. From this 
conventional thinking the cross-polar princ ipal planes of the twisted loop can be 
identified as that of an electri c di pole orientated along the x-ax is. Unfortunately no 
single electric dipole configuration could give rise to the patterns seen in the co-polar 
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principal planes of the twisted loop. Therefore the first simulation to be run was that 
of a small electric dipole whose patterns are shown in Figure 3.14 
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Figure 3.14 Dipole orientated along the X-axis 
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By comparing the far field pallerns of the twisted loop with the electric dipole the 
fo llowing points were derived; 
• The patterns located on the 45° and 135° planes for the x-ax is dipole were 
cardioid in appearance and didn ' t have the omni-directional profile as 
demonstrated by the twisted loop topology. 
• The electric dipole displayed co-polar cardioids with their maximum pointing 
south and cross-polar cardioids with their maximums pointing north. 
• Comparison of Figure 3.13 with Figure 3. 14 showed only the cross-polar 
principal planes of the X-axis dipole showed good agreement with the twisted 
loop far fields as seen 
Although only two out the eight planes showed good agreement, it was decided that a 
pursuit of the twisted loops co-polar principal planes could nevertheless be very 
beneficial in finding the required small antenna configuration. As no simple electric 
dipole arrangement would give the required plots modell ing of small loops were used 
to simulate the magnetic dipoles. Past publications [1 -6] state the electromagnetic 
dipole is aligned orthogonal to the top tracks, the magnetic dipole was aligned so it 
lay orthogonal to the top tracks of the twisted loop along the X-axis shown in Figure 
3. 15. 
Analysis of the co-polar and cross-polar components showed that the required 
patterns were seen in the co-polar principal planes and minimal field strength was 
seen in the cross-polar principal planes. The 45° and 135° cuts showed cardioid 
patterns though opposite in orientation to the electric dipole previously described. The 
far field patterns of the magnetic dipole are shown in Appendix B. 
Now that simulations had been run that individually satisfy some of the principal 
planes of the twisted loop fi eld patterns, the x-axis magnetic and electric dipoles were 
combined in a single simulation, though individually fed and excited simultaneously 
so the two dipoles would be excited at the same time as shown in Figure 3.15. 
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Figure 3. 15 Simultaneously Fed Electric and Magnetic Dipole 
Figure 3. 16 shows the field strengths of the two dipoles were maintained comparable 
to each other, so when combined they gave good agreement with the twisted loop in 
the principal planes. 
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Figure 3.16 Electric a nd Magnetic Dipoles simultaneously red 
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In addition the cardioid patterns of the electric and magnetic dipole antennas in the 
450 and 1350 planes, which were oppositely orientated with respect to each other, 
combined to give omni-directional patterns as exhibited by the twisted loop antenna. 
Having found the configuration of small dipole antennas that encapsulates the far field 
pattern for the balanced mode of the bifilar antenna, the field intensi ty of the electric 
and magnetic dipole were altered so that conclusions could be drawn about their 
relative importance in forming the far field. This might be expected to be useful 
in formation when interpreting measurements as the effect of the dielectric core or 
amount of helical turn could affect the formation of the magnetic reversal and 
formation of the electromagnetic dipole. 
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Figure 3.17 Magnetic Dipole Dominont Compared to Electric Dipole 
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When the magnetic dipole is increased slightly in radii s ize with respect to the electric 
dipole the patterns associated with the magnetic dipole dominated the twisted loop far 
field patterns. The magnetic dipole co-polar patterns become prominent and the 
electric cross-polar patterns become small as shown in Figure 3.1 7. In the 45° and 
135° cuts the cardioid curves associated with the magnetic fi eld begin to reappear. 
The oppos ite occurs when the electric dipole is larger in size with respect to the 
magnetic dipole. 
The dominance of the virtual magnetic d ipole can be visualised when viewing the far 
field measurements of the 0.43 helical turn dielectric-loaded bi filar antenna for peN 
applications. This dominance, highlighted in this section could be attributed to a 
number of factors or a combination of factors in the pe N antenna. This includes the 
helical turn having completed under a half turn as investigated in the parametric study 
earlier in the chapter, or the presence of the dielectric core which is approached in the 
following section. Only the half turn twisted loop structure provides the requi red 
alignment of the electric and magnetic dipoles for the electromagnetic dipole. The 
measured pe N bifilar fi elds can be seen in Appendix B along with more 
comprehensive results that were obtained for thi s small antenna investigation into the 
electromagnetic dipole. Appendix B also includes far fi eld patterns for the X-axis 
electric and magnetic dipole separately, and the fields seen when either of the two 
dipoles dominates over the other when simulated together. 
3.4 Broadband Bifilar 
The twisted loop topology has shown that it is easily scaled to cater for a variety of 
communication bands. Unfortunately the requisite bandwidth for these bands is often 
not covered by the inherent narrow bandwidth of the dielectric-loaded antenna and 
techniques were required to increase the working spectrum of the antenna. The air-
loaded model was chosen to investigate these techniques due to its fast run time and 
ease of developing new geometries. Earlier in the chapter broadbanding was seen in 
the parametric study by the reduction of helica l turn to induce coupling of the primary 
modes. This caused deformation in the balanced mode far field pattern and could be 
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considered as adverse modification of the antennas geometry in terms of the antennas 
SAR. 
Two other techniques were developed in an attempt to increase the operational 
bandwidth of the antenna. These techniques involved the addition of helical wires to 
the original topology, thereby keeping the natural look of the twisted loop structure. 
The first method involved making the helical wires of the radiating section flare out as 
they reach the balun to form a bowtie type structure. The second method looked at 
implementing helical wires around the balun as extra resonant modes to couple with 
the primary modes. The analyses of these techniques were designed primarily as 
development tools for the dielectric loaded twisted loop antenna and measurements 
were only to be taken if the simulated results warranted further investigation. 
3.4.0 Bowtie Broadbanding 
When the twisted loop structure was simulated, the antenna displayed a narrow band 
response; therefore broadband antenna structures were examined with the concept of 
implementation into the bifilar antenna structure. A bowtie antenna is a well -
documented antenna [7, 8, 9] geometrically approximated to the biconical structure 
that exhibits broadband characteristics. The bow tie antenna was chosen due to its 
simplistic form so it could be easi ly incorporated into the twisted loop structure 
maintaining the cylindrical shape of the overall design. 
The bowtie flare in the radiating section was represented by a varying number of 
helical wires with varying pitch angles. This is demonstrated more clearly by the ±4So 
flare bowtie bifilar displayed in Figure 3.18. Each of the additional helices were 
comprised of 20 wires each and given a pitch angle that would meet the balun rim at a 
nodal point. 
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Figure 3.18 ±4S' Flare Bowtie Twisted Loop Antenna 
The bowtie's fl are was increased in steps of 15° on either side of the original he lices 
ranging the IOta I fl aring from 0° to 90°. Convergence testing was performed on the 
meshing of the bowtie structure for accuracy of modelling, though additional meshing 
onl y added to the run time and showed that a simplistic des ign as in figure 3.18 was 
acceptable. To maintain simplicity the coaxia l feed was excluded from the geometry 
and the antenna was fed with a s imple voltage gap. The coaxial cable was also 
excluded from the des ign due to the increased run time that the additional helical 
wires brought to the structure. As the bowtie was des igned to affect the bandwidth of 
the balanced mode, the exclusion of the coaxial cable was permiss ible. 
The SII responses of the Bowtie antennas were very similar to the o riginal bifilar 
antenna with no fl aring and so are not displayed. Increasing the fl are angle of the 
bowtie did increase the bandwidth though onl y slightly. A 10% percentage bandwidth 
was seen with the ±4So flare bow tie bifilar and was the greatest bandwidth shown by 
the simulated antennas. This increase in percentage bandwidth from 7.5% to 10% was 
not sufficient when considering the loss of bandwidth that occurs when going from an 
air-loaded to dielectric-loaded design, and therefore other poss ibilities for 
broad banding needed considering. 
3.4.1 Broadbanding by Insertion of Parasitics 
The parametric study earlier in the chapter showed the primary modes of the air-
loaded twisted loop antenna could be coupled together by making modifications to the 
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helical turn. This section utilises the concept of mode coupling to achieve the required 
greater bandwidth. 
The Bluetooth air-loaded bifilar antenna is utilised for this analysis, as the required 
bandwidth for the complete Bluetooth band (2400MHZ - 2485MHz) was not covered 
by the dielectric loaded model antenna response. Mode coupling was introduced by 
creating additional resonant frequencies in the structure by the insertion of parasitics. 
The bifilar primary operation mode is that of the balanced mode where the current 
flows in a simple loop around the radiating section as previously described. The 
parasitic modes were aimed to couple with the balanced mode, so they were 
introduced to the structure as additional helical arms placed around the balun rim. The 
investigation comprised of two initial studies using the parasitics on the air-loaded 
des ign to probe into the potential of the idea to see if further development would be 
advantageous. 
The first study concentrated on the variation in length of the parasitic helical arms 
analysing for changes in resonant frequency of the parasitic and balanced modes and 
for coupling that occurred between the two modes. The second study would examine 
changes in the antennas response due to change in location around the balun rim. This 
would monitor for direct coupling between the original helical arms and the parasitic 
arms. Together the two studies would give a brief but informative insight into a 
parasitics role towards broadbanding. 
3.4.1.0 Variance in Parasitic Length 
The main helices of the radiating section consisted of 20 wires each and gave good 
visual and numerical accuracy as shown in chapter 2 and demonstrated by Best [10] . 
Due to this numerical accuracy, the parasitics were generated from the original 
radiating structure. The helical wires of the radiating structure were copied and 
rotated 90° around the balun rim and produced two parasitic helices unconnected at 
the top of the antenna structure as demonstrated by Figure 3.19. The initial rotation 
constant of 90° was chosen to keep the parasitics as far as possible from the main 
helices to minimise helix-to-helix coupling at this stage. 
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Figure 3.19 bluetooth twisted loop with parasitics 
The parasitics were then varied as a percentage of their original size from 100% to 
0%, where 0% is the s tandard bluetooth des ign. The parasitic elements were reduced 
in 5% steps as allowed by the helix resolution, and the return loss of the antennas was 
monitored. The reduction in parasitic height would increase the resonant frequency of 
the paras itic mode that would then couple with the existing balanced mode. A sample 
of the simulated results where the parasitics elements were reduced from 100% to 
50% is displayed in Figure 3.20. Included in the curves is the plot of the original 
Bluetooth design with the parasitic elements excluded for the comparison. 
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In figure 3.20 it can be seen that as the parasitic elements decrease in length their 
resonant frequency increases, as did the resonant frequency of their corresponding 
balanced mode. The increase in frequency of the paras itic helices was greater than 
that of the balanced mode and coupling was apparent. The match of the paras itic 
mode is seen to improve with the reduction in s ize whereas the balanced mode match 
deterio rates. 
The greatest amount of coupling was seen when the elements were at approximate ly 
60% of their original size where the bandwidth covered at -3dB was around 500MHz. 
As Bl uetooth antennas are required to meet a match of 9dB return loss this bandwidth 
may not be useful , although it is recognised that with poor modelling accuracy the 
true pos ition is not yet clear. 
As the paras itic elements were reduced further from 50% to 0%, the resonant 
frequency of the parasitics became too high to influence the antennas response 
significantly. When the lengths were reduced the match of the balanced mode 
increased and the resonant frequency of both the antennas orig inal primary modes 
increased, returning to their natural pos itions, as displayed in Figure 3.21. This 
contradicts the explanation fo r the larger parasitics; this is due to there being 
uncertainty in the identification of the modes when the parasitics are introduced. 
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When the paras itics are 100% in length three modes are seen to exist, the first is 
thought to be a parasitic mode, the second is the balanced mode and the third is a 
single ended mode. As the length of the elements is decreased, the single ended mode 
is lost, the paras itic mode increases in frequency as expected and the balanced mode 
shifts towards where single-ended mode is thought to exist. 
This implies the parasitic reduced the balanced mode and single-ended modes 
dramatically , improving the match of the single-ended mode and deteriorating that of 
the balanced mode. As the parasitics elements were decreased in size the balanced 
mode increased in frequency and had improved match, and the single-ended mode 
experienced an increase in resonant frequency and deterioration of match. This would 
also imply that an unrecognised 's ingle-ended' mode exists when the parasitics are at 
their greatest in length . 
Although this part of the investigation has shown that broadbanding was possible 
using a paras itic technique. There is a great need for further investigation into the 
paras itic behaviour including looking at the match of the simulated model, location of 
the parasitics and different topologies for the parasitics. One extension of this 
investigation is presented which focuses at the relocation of the paras itics with respect 
to coupling the parasitics more directly with the existing radiating section 
3.4.1.1 Variance in Balun rim rotation 
The second study to be undertaken with the paras itic elements was to analyse the 
effects of moving the paras itics closer to the original helical wires of the radiating 
section. Due to the uncertainty in the identi fication of the modes when the parasitic 
elements were initially introduced, the design with paras itics of 50% of the original 
length was utili sed. This design only had two modes that could be clearly identified as 
the single-ended and balanced modes. 
These parasitic elements were initiall y located at 90° rotation around the balun with 
respect to the original helical wires. The amount of rotation was then reduced in 15° 
steps so that the parasi tic elements became clo er to the rad iating sect ion. so that 
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direct coupling with the original helical arms would occur. 15° steps were chosen as 
then the parasitic helices would integrate easily into the balun mesh at set nodes, 
causing minimal modification to the original geometry. The return losses of this 
investigation can be visualised in Figure 3.22 . 
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The introduction of the parasitic element caused a decrease in resonant frequency of 
the balanced mode by 100MHz. As the degree of rotation was decreased further 
frequency shifting of the balanced mode was minimal until the parasitics were moved 
within 45° of the radiating section. The resonant frequency then started to increase to 
return to its natural frequency of resonance when no parasitics are included into the 
design. 
It can be hypothesised that the parasitic helices behave in a similar fashion to the 
helices of the original twisted loop in that the parasitics helices also generate a virtual 
dipole. However, as the helices originate from the balun and are not driven from the 
top of the antenna the virtual dipole generated is weak in comparison to the balanced 
mode electromagnetic dipole. This parasitic dipole can disrupt the main electric field 
dipole of the twisted loop if it is placed too close to the twisted loop. Therefore 
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optimum placement in terms of minimum effect on the original twisted loop is a 
placement disposed 90°, this hypothesis is supported by the responses shown in 
Figure 3.22. 
The single-ended mode was seen to increase as the rotation decreased until the 15° 
rotation was simulated. At 15° rotation, maximum coupling would occur between the 
radiating section and the parasitic elements. Three resonant modes were seen, one 
balanced mode, one single-ended and one other mode. This extra mode was a product 
of the coupling of the sets of helical arms. 
Due to the small geometry of the dielectric-loaded bi filar the introduction of paras itics 
close to the original radiating section would require extreme precision in the 
manufacturing processes. Therefore this second study is more beneficial from a 
manufacturing tolerance or modelling perspective when progress ing from an air-
loaded to dielectri c-loaded model if paras itics are introduced. It showed that parasitic 
elements appear to offer an opportunity to increase matchable bandwidth, although 
matched solutions have not been studied, the results did show that further 
investigation would be beneficial from the dielectric-loaded viewpoint. 
3.5 Conclusions 
The studies performed in this chapter demonstrated there is much research that can be 
performed on the twisted loop topology whether air or dielectric loaded. The 
parametric study performed on the air-loaded Bluetooth bifilar probed into the theory 
of the twisted loop. It was seen that although the balanced mode reacted to geometric 
changes as expected, the single-ended mode did not. This implied past publications 
were not entirely accurate in its description of the single-ended mode. 
Clues to the true path were provided when modelling the twisted loop structure with 
and without the coaxial cable. Only when the cable was present could the single-
ended mode be seen in the antennas response. Or as indicated in chapter 2, the single 
ended mode only occurs when the outer conductor of the cable is present. It was 
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shown that the outer conductor plays an important role in the current path loop in the 
single ended mode. 
When the near fi elds of the primary modes of the twisted loop were investigated, once 
again the balanced mode behaved according to published theory. Some current was 
seen down the balun sleeves, which showed the antenna was not optimum in design 
and did explain s light movement of the resonant frequencies when geometric changes 
were made to the balun sleeve. 
The single-ended mode displayed high fi eld strength round the coaxial cable, 
demonstrating that as suspected current does flow back up the outer conductor. 
Therefore the true path of the current in the single-ended mode consists of the outer 
conductor and balun acting as a )J2 resonator, and together with the helical arms and 
top tracks the single ended resonant loop is created. This modified current loop is 
presented in figure 3.23. 
Figure 3.23 Single-ended mode current flow 
Although the understanding of the current flow in the single-ended mode is important, 
it should be remembered the twisted loop antenna primary mode of operation is the 
balanced mode. When examining the far fields of the balanced mode it was fo und 
they could be represented using small electri c and magnetic dipoles. In particular they 
could be represented using an electric and magnetic dipole both al igned in the same 
orientation as the virtual electromagnetic di pole in the bifilar antenna. 
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When operating effi ciently the bifil ar can simply be represented by a rectangular loop 
with a 1800 twist as the balun would be unnecessary. Therefore the far field patterns 
generated by the electric and magneti c dipole would resemble this ideal bi filar case. 
Further more the strength of the fi elds of the small electric and magnetic dipoles 
dictate the appearance of the far fi eld pattern. So changes in the far field pattern can 
be understood in terms of the effects either of the small dipoles. For example in the 
case of the dielectric-loaded twisted loop, the dielectric could affec t the field strength 
of either the magnetic or electric dipole and this could be observed in the far field 
patterns. The work performed in thi s section can be used as a tool to fuel future 
research including looking at how the dominance of the dipoles are effected in 
di fferent media; i.e. bifilars with ferrite cores instead of dielectric or varying dielectric 
constants, the optimisation of maximising the efficiency of the antenna. Looking at 
the trade off between effi ciency and the spec ific absorption rate in antennas could also 
be performed. 
Although the twisted rectangular loop may represent an ideal twisted loop antenna, 
the dielectric loaded bifilar has the advantages of the balun trap and the dielectric core 
that are invaluable to the antenna structure. The dielectric allows for the small size 
and containment of near fi elds, and the balun trap allows common mode noise 
rejection. 
The twisted loop structure has been shown to have many advantages and very few 
disadvantages. One recognised disadvantage of the dielectric-loaded twisted loop is 
that its bandwidth in the balanced mode does not always cover the required modem 
communications band. To attempt to solve thi s problem two techniques were 
evaluated fo r their potential to broaden the bandwidth of the balanced mode. 
The first technique involved fl aring the helical wires of the radiating structure to form 
a bowtie structure, this method increased the bandwidth only slightly when substantial 
fl aring was tried and therefore was deemed not fit for further investigation. The 
second technique involved the addition of helical wires to form additional resonant 
modes. The parasi tic resonant frequency was expected to couple with the balanced 
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mode allowing the structure broadband characteristi cs. Past studies have had varying 
success by the introduction of additional resonant modes (11 ,12]. Werner et al. (1 2] 
found the use of 9 parallel vertica l wires of different length, all fed from the same 
source was not suitable fo r wideband communication systems. Fortunately this was 
not the case when the parasitics were attached to the bifilar structure. 
The s imulated results indicated that the addition of the parasitics caused the balanced 
mode and the single-ended mode to decrease dramatically in resonant frequency. 
When the parasitics were reduced to 60% of there original size the balanced mode had 
shifted signifi cantly in resonant frequency that it coupled with its single-ended mode 
giving a -3dB bandwidth of 500MHz, an increase of 250MHz. Although good 
bandwidth was atta ined the match of the response had deteriorated. 
This did however prove that there was potential for broadbanding and further 
investigation into this work would be benefic ial. Work to complement the ai r-loaded 
designs is cu rrently in progress utilis ing the dielectric-loaded topology at the Centre 
for Mobile Communications Research, Loughborough University. 
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CHAPTER 4.0 
GPS TWISTED LOOP ANTENNA 
4.0 Introduction 
[n conj unction with the work performed on the bifilar twisted loop antenna in chapter 
3, invest igations were made into modelling air-loaded quadrifilar he l ix antennas. The 
quadrifilar helix antenna is a circularly polarised antenna suitable for GPS 
applications and can be recognised as a complex form of the twisted loop topology. 
With the FCC (Federal Communications Commiss ion) regulations requiring half the 
handsets manufactured in the USA to have GPS capabilities by October 2001 , 
research into the air-loaded quadrifil ar helix is highly topical. 
Research had been successfull y carried in the past with dielectric-loaded quadrifilar 
helix antennas covering some of the theory and complications that arose in modelling 
the antenna us ing a TLM electromagnetic solver [1 , 2, 3). Publications have a lso 
highlighted the suitability of quadrifilar helix antennas for their integration into GPS 
applications [5 , 6, 7, 8). By adopting techniques from chapter 2 and taking into 
cons ideration the modelling issues that were addressed in past publications it was 
reasoned that the quadrifilar helix antenna could simply be modified into an air-
loaded design. In section 4.2 the working theory for the quadrifilar hel ix antenna are 
rev iewed and a preliminary des ign for an air-loaded Quadrifilar Helix Antenna 
(QHA) is proposed. 
Examination of currents on the helical arms, and of the far field patterns, shows the 
phase quadrature condition that is essential for circular polarisation in the QHA was 
not established in the preliminary ai r-loaded des ign. In an attempt to achieve phase 
quadrature modifications to the air QHA structure were undertaken in the form of a 
crowned rim study also presented in section 4.2. Unfortunately it will be seen the 
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balun rim variations only accomplished limited success and therefore more in-depth 
inves tigation to obtain phase quadrature and circular polarisation was requi red. 
Two studies are presented on bas ic antennas in section 4.3 to aid in the understanding 
of why phase quadrature was not reali sed in the preliminary air-loaded simulation and 
what modification would be required to rectify this defect. A turnstile antenna is 
examined with different ratios of arm lengths to slowly generate phase quadrature to 
analyse what transpires to the far field patterns before and after phase quadrature is 
accompl ished. The turnstile was also used as a tool for generating a more refined feed 
system for the twisted loop antenna topologies. Essentially the quadri filar helix 
antenna working properly in the ax ial mode can be considered as possess ing a virtual 
turnstil e antenna around the mid section of the radiating section due to its phase 
quadrature in the helical arms. So reduction of the quadrifil ar helix to its bas ic fo rm to 
further understand its phase quadrature was therefore a logical step. 
The second study, which is recorded in section 4. 3, was performed on two rectangular 
loops co-fed by a solitary source point. This functioned as a representation of the 
QHA in a simpler configuration, as in essence the QHA is two individual twisted loop 
antennas co-fed 90° out of phase with one another to obtain phase quadrature. The 
double loop antenna imitates the route propagated by the currents, though with the 
twist in the helices removed, if the QHA was functioning optimally. Electric far fi eld 
patterns and impedance curves are used in the development of the characterisation of 
circular polarisation and utilised as a tool for the development of the QHA. 
Hav ing successfully completed the turnstile and dual-loop antennas the problems 
encountered in section 4.2 with the QHA are re-addressed and resolved in section 4.4. 
The a ir-loaded QHA was again attempted but with meander-lines used to generate the 
requis ite phase shifting for phase quadrature. The modified simulated air-loaded QHA 
is then compared with measured results in section 4.5, right hand circularl y polarised 
far fi eld patterns are utilised for this comparison. It will be seen that the far field 
patterns correlate very closely with one another, and display the characteristic 
card ioid pattern displayed by the dielectric-loaded QHA and predicted by Kilgus for a 
wire QHA [9, 10, 11 , 12], who pioneered the initial quadrifil ar hel ix antenna 
inves tigations. 
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In section 4.6 parasitic helical arms, that were introduced in the twisted loop structure 
in chapter 3, are implemented onto the simulated a ir-loaded QHA in an attempt to 
broaden the antennas recognised narrow GPS bandwidth, or alternatively make the 
antenna multi-functional by allowing dual-banding dual-polarised characteri stics. This 
approach allows the antenna to be circularly polarised at the GPS frequency with a 
cardio id RHCP patte rn, and to have linear polarisation in the PCN band with the 
characteristic virtual dipole pattern. Far fi eld patterns, ax ial ratios and return loss plots 
will be used to examine the potential of this innovative des ign. Section 4.7 then 
summarises the chapter and provides conclusions. 
4.1 Preliminary Model of the Quadrifilar Helix Antenna 
4.1.0 Theory of the Quadrifilar Helix 
Kilgus C.C. orig inall y proposed the quadrifil ar he lix antenna around the 1970 's [9, 
10, 11 , 121 . This topology has in recent years has been recognised fo r its suitability 
for GPS applications. Although there are now many forms of quadrifilar antennas 
generically they all employ two quadrature phased bifilar helical loops positioned 
orthogonally to each other; each individual loop following the same des ign principles 
as the twisted loop antenna. The structure of the dielectric-loaded quadrifilar helix 
antenna to be modelled in an air-loaded form at is a more complex des ign than most 
published quadrifilars due to its integral balun and fish hook feed as shown in Figure 
4.1. 
~~~,..-,--- Fish-Hook Feed 
~ __ Radiating 
Section 
+ .f---- Sleeve Balun with 
Crowned Rim 
Figure 4.1 Structure of the dieleetrie·loaded quadrifiIa r helix antenna 
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This novel quadri fil ar helix antenna topology has been subject to considerable 
research using electromagnetic modelling and empirical techniques by Leisten et al 
[1 , 2, 3]. Il has been recognised that when modelling the antenna with a ceramic 
dielectric core it is a complex structure to simulate, therefore it would be beneficial lO 
model the antenna using an air configuration. Once the air-loaded model has been 
es tablished it could be utilised for fast modifications to the dielectric- loaded geometry 
fo r optimisation. The air-loaded model could al so be used in understanding the issues 
bought about when manufacturing the antenna or in apprais ing new techniques to 
make the antenna multi-tasking. 
As mentioned the quadrifil ar helix antenna has two quadrature phased bifilar helical 
loops. This phase quadrature is achieved by the two loops hav ing slightly offset 
resonant frequencies. One of the bifilar helices is adjusted longer than resonance to 
produce an input impedance with a phase angle of +45°, and the other bifilar is 
adjusted shorter than resonance to produce an input impedance with phase angle of -
450. This produces the 90° phase shi ft between the currents in the first bifil ar with 
respect to the second bifilar. 
For the d ielectric loaded Quadri filar Helix Antenna (QHA) topology the line-length 
difference between the short and the long helix lines are realised by the use of a 
crowned rim balun. The two peaks of the crowned rim were used as the connections 
to the short helices and the two troughs utilised as the connections for the long 
helices. The use of a balun in the structure means a balanced feed signal is projected 
to the backfire tip of the antenna, and just as importantly the currents on the antenna 
element are isolated from handset. This isolation from the handset is just one of the 
advantages of this topology. 
When operating in the axial loop mode of resonance, phase quadrature is achieved 
and the virtual e lectromagnetic dipoles formed by the two bifilars are 90° out of phase 
and combine to give a spinning dipole effect. The conditions required for phase 
quad rature in the quadrifilar helix antenna are summarised in Figure 4.2. The effecti ve 
spinning dipole means the antenna is circularly polarised and the characteristic 
cardioid fa r field pattern should be present. 
-92-
GPS Twisted Loop Antenna Chapter 4 
Figure 4.2 Phase Quadrature in the Axial loop mode 
The current propagation in the loop mode sees the current pass down one helix around 
the balun rim and back up the geometricall y opposed helix to complete the 3600 loop. 
This means at resonance the vo ltages should be equal in magnitude and oppos ite in 
phase approximately half way up the rad iating section. Therefore, at this frequency 
900 phase breaks in the currents of the individual helical tracks are expected. 
Having briefly rev iewed some of the geometric principles of the quadrifilar heli x 
antenna, a preliminary air-loaded design can now be presented. The principles 
covered allow the reader a better insight into the quadrifilar helix antenna and 
demonstrates the differences and similarities compared to the twisted loop geometry. 
4.1.1 Air-loaded QHA 
Similar to the design of the twisted loop bifilar antenna presented in chapter 2, the air-
loaded quadrifilar helix antenna was initially based on an industrial dielectric-loaded 
model shown in Figure 4.3. A crowned balun rim is utilised to induce the phase 
quadrature required for circular polarisation in the dielectric loaded antenna. The 
small dimensions of the dielectric-loaded quadrifilar helix antenna can be seen in 
Table 4.1. 
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Figure 4.3 Dielectric-loaded quadrililar helix antenna 
ANTENNA PARAMETER DIMENSION 
Total height 17.75 mm 
Diameter 10.00 mm 
Axial length of long helix 12.40 mm 
Axial length of short helix 12.30mm 
Balun crown height 0.10 mm 
BaJun height 5.35 mm 
Dielectric constant 36 
Table 4.1 Dimensions of Dielectric-loaded QHA 
Past publications [1, 2] have acknowledged the need for high resolution modelling 
when simulating this particular topology. This need is due to the small dimensions, 
the curvature of the surfaces and accuracy required in the geometry to obtain the 
phase quadrature. Although good agreement was observed with measured results 
when modelling a simple bifilar antenna, the intricacies that were necessary to attain 
phase quadrature in the QHA were unknown. 
4.1.1.0 Air QHA Feed System 
Because the quadrifilar helix antenna is complex in its structure, it might have been 
considered wise to model the ai r-loaded geometry without the coaxial feed system 
introduced in chapter 2 to keep the structure relatively stra ightforward. In simi lar 
fash ion to that of the twisted loop structure, the removal of the cable could be 
cons idered permiss ible if the axia l loop mode was the soli tary mode of concern. In 
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accordance with this simplification the currents can still propagate around the twisted 
loops in the radiating section, around the balun rim and minimal current propagates 
down the balun sleeve. This would streamline the antenna structure and significantly 
reduce the computational time due to the reduced number of nodes required to 
generate the antenna configuration. 
The disadvantage of the cable omission is some potential antenna modes that may 
prove useful in subsequent studies may not be excited. From chapter 2, it was seen the 
removal of the coaxial feed compromised the accuracy of the simulation of the 
twisted loop configuration. Therefore the coaxial fish hook feed through the centre of 
the QHA structure was retained. 
A reasonable degree of confidence in the simulated air coaxial feed structure has been 
established in chapter 2 and also in chapter 3. The first method of proving the coaxial 
feed structure was by convergence testing; whereby the cable was repeatedly 
modelled with varying the number of nodes and wire formations until an accurate 
impedance plot was obtained. The second way that confidence was obtained in the 
coaxial structure was to verify its performance when introduced into the geometry, 
and also its behaviour in the near field analyses on the twisted loop structure. It was 
obviously to be expected that only in the single ended mode of the twisted loop did 
the cable feature as a major part of a resonating system. 
The primary purpose of modelling the quadrifilar helix antenna was to create a tool to 
aid in the manufacturing of the dielectric-loaded quadrifilar helix and to put forward 
proposals for future generations of the design. This meant that accuracy of simulation 
and excitation of potential modes was important and so the inclusion of the coaxial 
cable feed system into the air QHA geometry was instigated. Another incentive for 
the inclusion of the cable feed at this early stage of the design concerned the intent 
that the antenna should be closely modelled on the dielectric-loaded model. This 
would ensure that the air-loaded QHA provided the accurate simulation that is 
desirable for exploitation as a fast predictive tool. 
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4. 1.1.1 Core Antenna Structure 
When morphing from the dielectric-loaded des ign to the air-loaded geometry , the 
same techniques that were developed when modelling the twisted loop structure were 
applied. MiniNEC Profess ional for Windows was used to model the structure using 
the Method of Moments numerical electromagnetic solver. The balun was constructed 
using 24 wires for the rim and base of the balun sleeve wi th 12 vertical wires 
completing the balun sleeve structure. The base of the balun used radial wires at every 
60° meshed with a 12 wire circle located halfway between the balun base's midpoint 
and the balun s leeve base. This bazooka balun structure had been reali sed using 
convergence testing in the impedance curves when modelling the bi filar antenna. The 
procedure was to examine the effects of variation of the number of nodes and wires in 
the structure, until a consistent impedance curve was achieved. 
The rim of the balun was altered by its verti cal component to obtain the appropriate 
heights for a crowned rim representation. The he lices in the radiating section utilised 
20 wires for numerical and visual accuracy as demonstrated in the twisted loop 
topology. At the top of the antenna s tructure the he lices were paired together, with 
one helical arm from bifilar 1 being paired with a helical arm from bifilar 2 and the 
two remaining helical arms being connected together. One pair o f the helices were 
then attached to the outer conductor of the coaxial cable developed in Chapter 1, with 
the other pair o f helices being connected to the fi sh hook feed. Once again a voltage 
gap excitation was utili sed at the bottom of the coaxial cable to feed the structure. 
This is illustrated in Figure 4.4, which shows the preliminary air-loaded geometry. 
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Figure 4.4 Preliminary a ir-loaded QHA. 
In a s imilar way to the procedure that was fo llowed with the twisted loop antenna, the 
exact resonant frequency shift in morphing from a dielectric- loaded to air-loaded 
des ign was unknown. As a first approximation the dimensions of the a ir-loaded QHA 
were rescaled using the "E, multiplication fac tor. Scaling to the true GPS frequency 
was not essential at this stage as attaining phase quadrature and the characteris tic 
Right Hand Circular Polarisation (RHCP) pattern was considered a greater priority. 
The dimensions for the air-loaded QHA together with their dielectric- loaded 
counterpart are detailed in Table 4.2. 
DIELECTRIC AIR 
ANTENNA PARAMETER QHA QHA 
DIM ENSIONS DIMENSIONS 
Total height 17.75 mm 106.50 mm 
Diameter 10.00 mm 60.00 mm 
Axial length of long helix 12.40 mm 74.40 mm 
Axial length of short helix 12.30mm 73.80 mm 
Balun crown height 0.10 mm 0.60 mm 
Balun height 5.35 mm 32. 10 mm 
Dielectric constant 36 1 
Table 4.2 Dimensions of prelimina ry air-loaded QH A 
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The complete structure was built-up of 307 wires and 1393 nodes, with many of the 
nodes being dedicated to the coaxial cable feed structure. A frequency range of 0.5 
GHz to 2.8 GHz was used requiring 575 steps of 4 MHz. This model was crafted so 
that it could prov ide adequate accuracy with about 24 hours of run-time. The 
impedance curves for preliminary des ign can be seen in Figure 4.5. 
Impedance of Preliminary Air-loaded GPS Dealgn 
aoo 
600 
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o 
~ \) \. ~~ ~ 
05 If , 717 1.5 ~ 25 
11 ·200 
·400 
Frequency (OHz) 
Figure 4.5 Impedance curves of preliminary design 
From Figure 4.5 it is not immediately apparent as to the location of the frequency at 
which the antenna would resonate with circular polarisation. It is known the antenna 
was scaled using a -.Jer factor, and when the same scaling factor was used on the 
twisted loop topology it resonated at a much lower frequency than the antenna was 
designed for. From theory , the resonant frequency of the circularly polarised mode 
should be found between the resonance's of the two bifilar loop modes. Therefore it 
was considered that the circularl y polarised mode was the resonant mode that ex isted 
around 930 MHz. By examining the right hand c ircular far fie ld patterns and the 
currents on the helical tracks it was anticipated that this could be confirmed, providing 
the geometry was accurate in its structure. 
Closer inspection of the far field RHCP patterns revealed that none of the resonant 
modes exhibited the expected characteristic cardioid configuration; furthermore at 
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930 MHz the current phases half way up the radiating section were all within 20° of 
each other. This meant the conditions for phase quadrature had not been sati sfi ed and 
the antenna would not exhibit circular polari sation. The fa r fi eld c ircular polarised 
patterns at 930 MHz, given in Figure 4.6, were s imilar in thei r formation to the linear 
polari sed pattern o f the twisted loop structure in chapter 1. 
RHCP View RHCP Plan View 
0-1+---
·0.5-1-1---1 
· 1 ·0.5 0 O.l 
LHCP View LHCP Plan View 
o 5 -+1-'~ 
.05-4-I---\-
-CI.S ·O.l 0 O.l 
Figure 4.6 RHCP Pattern of Air QHA at 930 MHz 
The phase quadrature in the d ielectric-loaded quadri filar antenna was obtained by 
varying the lengths o f the two bifilars within the structure with respect to one another 
by altering the height of the balun crown. As the sca led balun he ight in the air-loaded 
quadri fil ar helix antenna appeared not to g ive the requi site phasing on the helical 
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wires, a parametric study was undertaken analysing the change in phase with respect 
to the balun crown height. 
The balun crown was altered from the scaled 0.6mm height to a max imum height o f 
10.Omm using steps dependent on the phases obta ined from the subsequent 
s imulations. The various balun crown heights inves tigated with the difference in 
phases of the helical tracks are shown tabula ted in Table 4.3. If phase quadrature was 
present then the difference between the first and last track should be 270° based on a 
90° phase change between the tracks for phase quadrature, illustrated prev iously in 
Figure 4.2. 
PHASE 
TOTAL BALUN DIFFERENCE 
CROWN HEIGHT (mm) BETWEEN 
TRACKS (Degrees) 
0.6 20 
1.8 ID 
2.7 10 
3.6 20 
5.0 30 
7.5 40 
10.0 40 
Table 4.3 Phase Difference in Radiating Scction Due to Varying Crown Height 
The Right and left hand circularly polarised far fi e ld patterns for each o f the models 
all displayed a linear polarised pattern rather than the characteristic cardio id pattern. 
Table 4.3 shows that altering the crown height of the balun had little effect on the 
phases of the helical tracks. Therefore the geometry was reassessed in order to atta in 
the required circular polarisation. 
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Firstl y the cable was removed from the geometry and the antenna fed by a simple 
voltage gap on a wi re combining the pa irs of helices. The geometry was therefore in 
its most simple form employing 183 wires and 474 nodes for the antenna structure. 
Unfortunately the phase differences on the helical tracks remained similar in value 
with respect to one another and the far fi e ld pattern remained linearly polarised in 
appearance rather than circularl y polarised as des ired. This indicated a more extreme 
method was required for generating the phase quadrature in an air-loaded geometry 
other than the crowning of the balun rim. 
Prior to implementing a method for inducing greater phase differences on the helical 
tracks, it was considered benefic ial running s imulations foc used on generating 
circular polarisation in more simplistic and documented circularly polarised antenna 
models. This would aid in obtaining a more robust feed system and spotl ight key 
aspects requiring consideration when generating circular polari sation. 
4.2 Circular Polarisation Characterisation 
Identification of the circular polarisation in terms of a characteristic impedance curve 
was unfamiliar; therefore two studies were performed to aid in the des ign of the a ir-
loaded quadrifil ar helix. The first investigation would look at the generation of 
circular polarisation by use of turnstile geometri es and identify characte ristics 
associated with the des ign in the form of RHCP patterns and impedance curves. 
The second investigation performed was similar to one undertaken in chapter 3 for the 
twisted loop. The air quadrifilar helix antenna is considered and modelled in terms of 
its current loop paths to generate the quadrifilar ax ial mode using current phases, 
impedance curves, far fi eld RHCP patterns and ax ial ratio to identify the resonant 
mode. 
4.2.1 Turnstile Antenna 
As mentioned earlier in the chapter, the quadri fil ar helix antenna utilises two bifi lars 
in phase quadrature to generate circul ar pola ri sation. Alternati vely the circular 
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polarisation generated may be cons idered as two virtual dipoles, created by the two 
bifilar twisted loops that construct the quadrifilar topology, 90° out of phase with one 
another to produce a virtual spinning dipole. This phasing of two dipoles to engender 
circular polarisation could be considered as a crude form of a turnstil e antenna. 
Therefore by replacing the virtual dipoles for real dipoles, the first investi gation looks 
at the formation of circular polarisation using a turnstil e topology. 
Two dipoles of equal lengths ±4.75cm were jo ined together at their mid points, with 
the structure lying in the XY -plane. The two dipoles are modified at their mid poi nts 
so tha t the structure only requires a single excitation as shown in Figure 4.7. This 
single feed source was utilised so the turnstile antenna had simi lar exc itat ion 
requirements to the air quadrifilar hel ix. By refining the feed configuration on the 
turnsti le antenna, a similar feed system could be used on the ai r-loaded quadrifilar 
helix antenna geometry. 
The approach of generating circular polarisation in this fashion rather than simply 
using a dual feed system for the excitation was also to keep the concepts of the 
turnstil e and air-loaded QHA comparable. That is to say, in both antennas the increase 
in current path lengths created the conditi ons required for circular polarisation to 
exist. 
y 
Figure 4.7 The Turnstile Configuration 
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Equal lengths were initially chosen for the four arms constructing the turnstile antenna 
to identify the characteri stic far field pattern when circular polarisation was not 
achieved, and to analyse change that transpired in the development of circular 
polari sation when the geometry was modified. The pair of lengths creating one of the 
dipole arms were then increased in steps of 0.25cm with the impedance curve and 
RHCP patterns monitored at each stage. 
The dipole aligned along the x-axis was increased from ±4.75cm to ±5.75cm whilst 
the dipole aligned along the y-axis was maintained at ±4.75cm in length. When the 
dipoles are of equal length the RHCP far field pattern was comparable to the pattern 
displayed by the preliminary air QHA, as shown in Figure 4.8. The LHCP far field 
patterns of the two antennas were surprisingly very similar in profile also. 
RHCPVicw RHCPVicw 
( a),---_--:-:-:=:-:-::--_----, 
LHCPVicw 
(b)r--_~::--_---' 
LHCPVicw 
Figure 4.8 Comparison of RHCP and LHCP patterns for (a) the Turnstile Antenna comprised of 
identicat length dipotes and (b) the Air QHA 
-103-
GPS Twisted Loop Antenna Chapter 4 
A selection of impedance curves is g iven In Figure 4.9 to show the trend of the 
turnstile antenna as the length of its x-axis dipole is increased. An additional 
impedance curve is also included where the x-axis dipole length was ±S.2cm and the 
y-ax is dipole was ±4.7Scm. At these arm lengths the reactance curve flattens briefl y 
to a constant value due to the relative values of the individual dipoles. The values in 
the legend in Figure 4.9 represents the length extended to by the modified arms from 
the starting length of 4.7Scm. 
Impedance of Turnstile Antennas with Varying Ratio of Arm Lengths 
>OO r-------------------------------------------~~~ 
2OO t-------------------------------------~~~~---~ 
Resistance Curves 
'~~~~::J 
1500 1600 1700 1800 1900 
·'00 f---h,4---OGI>"'7..c....·-------------------__j 
· 200 j-.~~·~~~~--------------------__j 
Reactance Curves 
. >oo~--------------------------~ 
Frequency (MHz) 
Figure 4.9 Impedance curves of the Turnstile antenna. 
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- Re (5.25) 
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The RHCP and LHCP patterns, current phases and axial ratio at resonance was 
monitored for circular polarisation; Figures 4.10 and 4.11 shows the circularly 
polarised plots obtained when the arms of the turnstile antenna were all the same size 
and also when the arms were at the length which gave ri se to the reactance plateau 
observed in Figure 4.9. The circularly polarised patterns are not sufficient enough to 
represent how good the ci rcular polarisation is as a ratio of orthogonal fi e ld 
components is required, therefore ax ial ratio magnitude and phase was monitored. 
Also for this application the shape of the far fi eld pattern also needed to be cons idered 
as set properties for satellite reception were sort after; i.e. the cardioid far fi eld 
pattern . 
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RIICPView RHCP Plan View 
U ICP Vicw U ICP Plan View 
4J -tJ OJ I 
Figure 4.10 RHCP and LHC P pa tterns of the Turnstile antenna with 
all a rms 4.75em in length 
RHCP View RHCP Plan View 
,L 
I 
L 
a.I .(IS 0 ., I 
U tCP View UICP Plan View 
Figure 4.11 RHCP and LHCP patterns of Turnstile antenna with 
two arms S.2em in length, and two arms 4.75crn in length 
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Figure 4.11 shows the expected characteristic cardioid pattern for the turnstile antenna 
in phase quadrature. The quadrature phas ing of the currents on the individual arms, an 
axial ratio magni tude of uni ty and angle of 90.44° supported the attainment of circular 
polarisation, compared to the non-circularly polarised turnstile that had ax ial ratio 
magnitude of 0.999 and angle of 179.97 and no phase quadrature in the arms. When 
scrutinised closely the plan views of the c ircular polarisation plots show the cardioids 
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are not perfectl y rounded. this imperfection was expected and has been acknowledged 
in turnstile theory by Kraus [1 3] when recounting the George Brown turnstile antenna 
[14. 15]. 
For the turnstile antenna a considerable increase of length in one of the dipoles was 
required to induce circular polarisation. If such an increase were necessary in the ai r 
QHA . an increase in the balun he ight would be unreasonable and could explain the 
linear polarisations that were previously seen. This crystallises the need for a more 
elegant so lution to lengthen the current path in one of the bifilar twisted loops in the 
air QHA. 
Before introducing a new strategy to encourage phase quadrature in the air QHA. the 
success of generating circular polarisation in the turnstile antenna needed to be 
emulated in an antenna geometry closely related to the quadrifil ar helix antenna. This 
would make the transition from a relati vely simplistic des ign to a complex geometry 
progress ively more straightforward. 
4.2.2 Double Loop Antenna 
In order to further develop the understanding of the air-loaded quadrifil ar helix 
antenna it was helpful to consider a topology which presents an intermediate step 
between the turnstil e antenna and the full air loaded quadrifilar helix antenna. This 
topology can be called the double loop antenna and as the name suggests it comprises 
of two rectangular loop antennas that are orthogonal to each other. These are co-fed 
by a common voltage gap excitation located at the mid points at the top of the loop 
topologies as indicated in Figure 4.1 2. 
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Figure 4.12 Double loops topology 
The structure could be considered an extension of the turnstile structure where the 
dipoles have been extended to form loop antennas. This structure was employed 
because the current propagation around loop paths is similar to that of the quadrifil ar 
helix antenna resonating in the axial mode, merely with the exclusion of the half turn 
twist that is present in the quadrifil ar artwork. 
[n the course of attempting to obta in circul ar polarisation with the double loops, the 
widths of the two loops were fi xed to preserve the overall diameter of the antenna 
structure, this was to refl ect the ex istence of the inflex ible d imensions of the d ielectri c 
core that is present in the case of the dielectric loaded vo lute. Thus increas ing the 
length in one of the path loops would be responsible for the induction of circul ar 
polarisation. 
To be scrupulous, the width of the current loops in the DLQHA are not sustained 
throughout the structure due to the crowned balun rim creating differential s ize in the 
widths and lengths of both loops that form the structure. Unfortunately, as seen 
earlier, phase quadrature was not accomplished in the air-loaded geometry as a 
consequence of the small paths differences produced by the crowned rim in the air 
QHA. Therefore by using the simplist ic double loops structure and modifying just one 
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parameter, i. e. the length of one loop, the ratio of the path lengths required to produce 
circular polarisation could be determined. 
Util ising thi s type of antenna and procedure to obtain circular polarisation would 
demonstrate how the quadrifil ar helix antenna, operating in the axial mode, could be 
modelled as an a ir-loaded structure using a s ingle feed system. This technique would 
eliminate the requirement for the crowned balun rim that showed limited success in 
obtaining phase quadrature. Past publications have modelled simplisti c quadrifil ar 
he lix antennas and took advantage of a double feed to obtain phase quadrature [1 6], 
which although beneficial from a modelling prospective does not address the 
application of phas ing when implementing this more simple feed design. 
The double loop antenna was initially simulated as two rectangular loops wi th 6.0cm 
width and 7.41cm sides to give the same height and width of the radiating section as 
the ai r QHA. The double loops were co-fed with a s ingle voltage gap exci tation. Steps 
of O.5cm were then used to increase the height of one of the loops, to g ive increments 
of 1.0cm path d ifference between the loops with each step until the characteristics of 
circular polarisation were identified. The lengths of the modified loop were then 
finely adjusted to optimise the circular polarisation by monitoring the currents, ax ial 
ratio, impedance curves and far field patterns of each simulation. 
As the path lengths of the one loop increased with respect to the other, s imilar trends 
in impedance to that of the turnstile antenna were observed. A plateau in the reactance 
once again emerged as the antenna developed from being linearl y to c ircularly 
polarised. The ci rcularly polarised condition was identified from the ax ial ratio 
becoming unity and the currents on the loops exhibiting phase quadrature with respect 
to each other. Additionally the far field radiation patterns under went a 
metamorphosis from the ' linearl y polarised ' pattern to the characteristic c ircularl y 
polarised cardioid pattern. The far fi eld RHCP patterns of the initial double loops 
antenna and the fi nal double loop antenna design are shown in Figure 4.13. 
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Figure 4.13 RHCP far field patterns of (a) initial a nd (b) final double loop antennas 
The increase in length required to generate the circular polarisation was 1.0cm in each 
of the vertical sides of the modified loop. Th is value presumably reflects the amount 
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of crown that would be required if c ircular polarisation were to be accomplished using 
the crowned balun rim in the air QHA. The axia l ratio magnitude was 1.002 with an 
angle of 82.92 for the c ircular polarised double loops. Whi lst the loops o f equal length 
that did not display the characteristic RHCP far fi eld pattern had an ax ial ratio of 
0.999 and angle of 180.00. Although the dimensions and structure of the double loop 
antenna has not replicated the structure of the air QHA, it has shown the crowned rim 
to be less than ideal for inducing circular po lari sation and demonstrated that c ircular 
polari sation could be generated with the twisted loop structure. Therefore a different 
geometric modi fi cation is demanded to bring about the relevant path differentia ls in 
the air QHA design. 
4.3 Meander-line Air-loaded QHA 
Circular polarisation had been successfull y acquired using two d ifferent intermediate 
antenna structures and a better understanding of the requ isite conditions had been 
obtained. The s imulated double loop antenn a resembled the current path fo r the ax ial 
mode of the air quadrifil ar helix antenna, and illustrated why the use of a crowned 
balun rim was unsuitable for this type of air QHA owing to the re lati ve current path 
lengths of the two loops. 
Consideration of the double loop antenna has made researching the air-loaded QHA 
for its appropriate functiona lity more fulfilling. As the crowned balun rim only had 
limited success it was rejected as a method for phas ing the air loaded antenna and 
therefore the balun rim was maintained to be fl at at a constant height. Similar to the 
course of action taken with the double loops, the length of one of the loops in the a ir 
QHA was modified to create the phase difference to generate c ircul ar polarisation. 
Unlike the double loop antenna the height of the radiating section in the air QHA is a 
constant parameter, therefore the additional length was introduced into the air QHA 
structure by meandering the s ides of one of the twisted loops. 
At this stage of the research, characteri stic of the present chang ing market, the 
dielectric- loaded quadri fil ar he li x antennas specification had been slightl y modified. 
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As the research performed was designed to aid the industri al model, the target 
research model was changed slightly to adopt the modified dimensions that are given 
in Table 4.4. 
DIELECTRIC 
ANTENNA PARAMETER QHA 
DIMENSIONS 
Total height 17.750 mm 
Diameter 10.000 mm 
Axial length of long helix 12.335 mm 
Axial length of short he li x 12.305mm 
Balun crown height 0.030 mm 
Dielectric constant 36 
Table 4.4 Dimensions of modified dielectric-loaded QHA 
The preliminary air-loaded quadrifil ar he lix utilising the original specifications was 
adopted for the initial implementation of the meander-line helica l wires . The crowned 
rim was maintained at a height of 0.36cm, after consultation with Dr. Agboraw 
revealed that dielectric-loaded modelling utilised a crown height of 0.06cm and not 
the O.Olcm height as given by the specified dimensions for the actual antenna. 
The helical wires in the original air-loaded design were comprised of 20 wires using 
21 nodes to define their location. The nodal points could be generated mathematicall y 
assuming the helical wire is subdivided in 20 equivalent parts and by use of the total 
length and pitch angle. The helical wire is first represented vertically in the Z-axis in a 
planar view, and then rotated to the specified pitch angle. Finall y the nodal co-
ordinates are converted so they are positioned around the air-loaded core cylinder. 
The development of this mathematical procedure meant the generation of the nodal 
pointes for the meander-line helical wires became straightforward. Once again 21 
nodal points were employed defining the start, finish and central points of the 
meanders. The use of 21 points ensured starting and finishing on the centra l point of a 
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segment as well as defining the helix accurate ly. The calculated nodal points could 
then be entered into the s imulator. or modified if the model necess itated rescaling to 
acquire the requis ite GPS re onant frequency. 
To generate the meander-line. the s tart and finish of each meander would undergo a 
hori zontal disp lacement of ±x in the initial stage of the mathematical procedure. Thus 
giving a regular meander to the hel ical wire before inclination to the appropriate pitch 
angle and rotation around the cylindrical core. The generation of the planar view 
meander-line is illustrated in Figure 4.14 . 
(a) Initial 2 I 
nodal points 
....--. 
(b) ±X-axis 
displacement to 
form meander 
(c) Rotation to 
required pitch 
angle 
Figure 4.14 Generation of the meander-line before rotation around air cylinder 
If the quadrifilar were thought o f as two bifilars. with one of the bifilars having 
meander-line helical wires. then increas ing the x-ax is displacement of the meander-
lines in the mathematical procedure just described would increase the loop path o f the 
one bifilar with respect to the other. From the knowledge attained from the turnstil e 
and double loop antenna. at a specific meander-line displacement the cu rrents on the 
helical wires would exhibit phase quadrature and the air QHA antenna would be 
circularly polarised. 
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(a) (b) 
Figure 4.15 Preliminary Air-loaded QHA wilh meander lines 
(a) nodal display and (b) plane view 
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Using the preliminary air-loaded model with a O.36cm crowned rim, the meander line 
was implemented into the quadrifilar on two geometri cally oppos ing helices, as 
demonstrated in Figure 4.15. The initial displacement of the meander line was 
adjusted in small steps to induce the circul ar polarisation characteristi cs . The trend 
seen in the impedance curves for the different meander-line displacements are shown 
in Figure 4.16 and Figure 4.17. The characteri stic formation of the reactance plateau, 
similar to those observed in the turnstile and double loop antennas, were seen for a 
meander-line displacement of ±O. 16cm. 
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Figure 4.16 Resistance Curves for Air QHAwith Varying Meander Displacements 
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Figure 4.17 Reactance Curves for Air QHA with Varying Meander Displacements 
When the air-QHA, with the O.16cm meander-line helical wires, was scrutinised at the 
frequencies at which the reactance plateau ex isted, the currents on the helical wires 
were in phase quadrature and a well formed cardioid profile was observed as the right 
hand ci rcular far fie ld pattern with the boresight of the pattern in the zenith. 
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In contrast to the previously modelled circularl y polarised antennas, the left hand 
circular far fie ld pattern was neg ligible in the ai r-QHA. This diminutive left hand 
ci rcular polarised pattern is a recognised attribute of this class of antenna, and comes 
about as a result of its integral balun and clockwise twisted heli ca l wires whose 
structure emulates a travelling wave antenna with right hand c ircular polarisation. In 
this manor the left hand ci rcular pattern is suppressed with respect to the ri ght hand 
polarisation. The left and ri ght hand circular polarised patterns can be seen in Figure 
4.18. Comparisons with measured results can be seen later in the chapter after the air 
QHA antenna has been modified to the new specifications. 
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Figure 4.1 8 Meander-Line QHA (a) Right Hand and (b) Left Hand Circular Far Field Patterns 
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4.3.1 Air QHA with Modified Specification 
Having successfull y attained the characteristic right hand ci rcular fa r fi eld pattern 
modelling the a ir QHA utili sing meander helica l arms and a "Er sca ling factor, 
attention was turned to the new specifications. It is interesting to see whether these 
successful s imulation exercises could be extended to improve the performance or 
manufacturab ility of the antenna. 
After consultat ion with Dr. Leisten it was discovered the resonan t freq uency of the 
dielectric-loaded antenna was set to be 18M Hz above the GPS centre frequency of 
1575.42M Hz. The higher frequency of 1593.42M Hz was to allow for a wea ther sea l 
cap to be placed over the antenna, as when the cap is placed over the dielectric-loaded 
antenna the resonant frequency drops by 18MHz to the requisite GPS frequency. To 
keep a close connection between the research and the industri al designs this new 
resonant frequency was also adopted for the air-loaded model. 
The modell ing of the air-loaded QHA earlier in the chapter showed the crowned rim 
to have negligible effects on the phase quadrature. The crowned balun rim was 
therefore not applicable for the air-loaded experiments and phase quadrature was 
generated so lely using the meander line helical wires in the new des ign. The radiating 
section length was taken to be the height of the longest ax ial radiating height 
(12.335mm before rescaling) , so all path length changes would occur above the balun 
rim and not include the balun rim. Therefore for both the simulation artwork and the 
ori ginal design no path changes occur below this axial height. Consequently the balun 
rim was maintained at a constant dielectrically loaded equivalent height of 5.415mm. 
Once aga in the displacement was increased in the zigzag helical wires to obtain the 
correct meander in the helical arms to generate the circular polarisation. Then similar 
to the procedure with the tw isted loop antenna in chapter 2, the air QHA was resca led 
so the reactance plateau, seen in the previous impedance curves, was centred on the 
requisite resonant frequency. The final dimensions used in the simulated artwork are 
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shown 10 Table 4.5 together with the new specifications of the dielectric-loaded 
model. 
DIELECTRIC AIR 
ANTENNA PARAMETER QHA QHA 
DIMENSIONS DIMENSIONS 
Total he ight 17.750 mm 57.5008mm 
Diameter 10.000 mm 32.3948mm 
Axial length of long helix 12.335 mm 39.9590mm 
Axial length of short helix 12.305mm 39.9590mm 
Balun crown height 0.030 mm O.OOOOmm 
Meander-line Disp lacement 
Only Straight 
1.9000mm 
Helical wires 
Dielectric constant 36 1 
Table 4.5 Dimensions of Dielectric-loaded model and Final Air-loaded design 
From the scaled dimensions in Table 4.5, it is seen that an ultimate scaling factor of 
3.23948 was required when developing the air-loaded artwork from the dielectric-
loaded model specification. It is also of interest that a slightly coarser meander-line is 
required to account for the exclusion of the balun crown. The fina l air-QHA model is 
presented in Figure 4.19 and was comprised of 812 nodes and 305 wires. The 
reduction in size of the model meant the number of nodes used in the definition of the 
model declined from 1393 nodes to 812 nodes, which meant s imulation runs were 
more computationally effic ient in terms of memory required and simulation time. 
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Figure 4.19 Visualisation of the Final Air-loaded QHA 
The approach of using rescaling and the generation and implementation of meander 
lines was found to be time consuming in the construction of the simulation geometry. 
Therefore the approach taken by the author was to simulate the geometry with 
meander lines, though not tailored to induce the circular polarisation. From the 
impedance curves of the simulation and the knowledge of the impedance behaviour 
with vary ing meander-line displacement from Figure 4.16 and Figure 4.17, an 
approx imate resonant frequency for the circul ar polarisation could be determined 
when the meander lines are modified further. The model is then rescaled to obtain the 
approximate requisite frequency, and then the meander line modified to induce 
circular polarisation. 
This procedure was adopted because when the model is rescaled after obtaining the 
circular polarisation it was fo und the reactance lost its characteristic plateau, and the 
right hand circular cardioid pattern lost some definition in the form of front-to-back 
ratio. Consequently further meander line manipulation was required to regain the 
definition of the far fi eld pattern and the ideal ax ial ratio magnitude of 1. 
For the given dimensions in Table 4.5 the reactance plateau, shown in the impedance 
curves, covered the frequency range 1585MHz to 1615MHz. At 1593MHz the axial 
ratio magnitude was calculated to be 1.012 with phase of 92.59. A very good right 
hand circular far field cardioid pattern was observed with -40dB front-to-back ratio. 
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The 2-dimensional principal plane cuts of the far field patterns are shown in Figure 
4.20 and 4.21. Once again, good right hand circular patterns were attained alongside 
expected suppressed fi elds for the left hand circular components. As expected these 
far field patterns showed good resemblance to the patterns attained from the A ir-QHA 
built with the old specifications. The additional electrica l length brought about by the 
meander line to induce the circular polari sation was found to be 1.95cm. 
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Figure 4.20 Right Hand Circula r Field Components for the 
Simulated Air-QHA based on New Specifications 
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Chapter 4 
Figure 4.2 1 Left Hand Circular Field Components for the Simulated Air-QHA based on ew 
Specifications 
4.4 Comparison of simulation with measured results 
Having developed an air quadrifilar helix antenna that utilises meander line he lica l 
wires in the radiating section to generate c ircular polarisation, a practical model was 
constructed to verify the right hand circular patterns observed in the s imulation. The 
hand built air loaded model utilised thin film copper laminate on PTFE to realise 
rig idity that is necessary to support the model structure. This material was used in the 
main cylindrical part of the antenna and the top of the antenna. 
The base of the balun was constructed of single s ided copper plated FR4; thi s allowed 
a solid base for the antenna to be wrapped around and impart cy lindrical form and 
further ri g idity in the antenna structure. The FR4 and PTFE both had low dielectric 
constants to have minimal influence on the air loading of the antenna. A son cable 
was then inserted axiall y through the centre of the antenna, with a fishhook feed 
connection at the top of the antenna topology. The air-loaded model is pictured in 
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Figure 4.22 alongside its dielectric-loaded counterpart; this gives a good visual 
representation of the miniaturisation that occurs due to the dielectric core. 
Figure 4.22 Air and Dielectric loaded QHA 
The right hand circular patterns were measured for both the air and dielectric loaded 
antennas and then compared with the predicted patterns from the simulation. The far 
field patterns for the two antennas are shown in Figure 4.23 and 4.24 together with the 
frequencies at which the patterns were acquired. In both cases well-formed cardioid 
patterns were observed, showing good agreement with the simulated model. The 
difference in the resonant frequency between Ihe air and dielectric loaded models are 
mainly due to the dielectric model having a weather seal cap that causes a reduction in 
resonant frequency of 18MHz to the exact requisite GPS frequency. 
o 
~~~~ttl!J:r;~:::- Zenith Gain . 2.73dBI 
Figure 4.23 RHCP Far Field Patterns of the air QHA (I602.3SMHz) 
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Figure 4.24 RHCP Far Field Patterns of the Dielectric-Loaded QHA (I574.52MHz) 
The zenith ga in of the air-loaded quadrifilar helix antenna was seen to have a superior 
gain by S.22dB, which is attributed to the reduction in size of the antenna and the 
dielectric loading. The front-to-back ratio was approximately ISdB in the case of the 
air-loaded antenna and over 60dB in the case of the dielectric-loaded antenna. T he 
improved front-to-back ratio seen in the dielectric QHA is probably due to laser 
tuning that optimises the phase quadrature in the helical arms. 
Antenna engineers familiar with GPS antennas for mobile communications may 
correctly perceive the zenith gain for the dielectric- loaded antenna in Figure 4.24 is 
lower than the ga in of a patch antenna measured in free space. Although this is true in 
free space, the dielectric-loaded QHA shows superior performance to the patch 
antenna in a handheld environment. It al so displays a number of geometrical and 
mechanical advantages over the patch antenna and other ex isting antennas for mobile 
GPS devices as demonstrated by the author [6, 17], this included the performance of a 
patch antenna and a QHA antenna in handheld environments. Other publications that 
incorporate human proximity effects on Handset antennas are becoming more 
commonplace. Human interaction with circularly polarised antennas for satellites 
communications have also been investigated [16, 18], which see deterioration in the 
fa r field patterns due to a human head in close proximity to the antenna. 
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General advantages and disadvantages of using quadrifilar he lix antennas, compared 
to olher antennas for GPS appl icalions have been published by lames, 1.R. [19, 20] 
and Kraus, 1.0. [21]. Aside from the QHA for GPS applications Padros, el al. [22] has 
performed a comparalive sludy on other anlenna designs avai lable for receiving GPS 
and shows a conical spiral Wilh absorbing malerial out performing the industrially 
well -utilised patch antenna. 
4.5 Insertion of Parasitics into Air-QHA 
During this period of the research, one of the problems encounlered with the 
dielectric-loaded QHA was the narrow bandwidth covered at resonance. Although it 
covered the GPS bandwidth, it did not allow the manufacturer much margin for error 
in the production of the antenna. Therefore if the artwork was s lightly incorreCl and 
the resonanl frequency was slightly higher or lower than required, then the GPS 
bandwidth would not be covered by the response of the anlenna. 
If the anlennas response could be improved by increasing the operational bandwidlh, 
the antenna could still cover the GPS band if the arlwork on the ceramic core was not 
precise. This would make mass produclion of the dielectric-loaded QHA more 
simplislic and a lower percentage of the antennas produced would be inoperable or 
require luning. Therefore in an allempt to aid the manufacturing of the dieleclric-
loaded anlenna by trying lO increase the operalional bandwidth, the effects of 
inlroducing parasitics to the air-QHA were investigated. 
Although more sophisticaled soflware was ava ilable lO model the dielec tric-loaded 
anlenna if desired al this time in the research, MiniNEC was once again used for the 
preliminary investigations of the study. The use of MiniNEC would quickly determine 
if the insertion of parasitics warranted further and more intense investigations by 
implementation into soflware with dieleclric loading capabilities (CST's Microwave 
Studio showing realism and therefore scoring as the mOSl promising of the packages 
lested) . This would also allow time for a thorough examination of eST's Microwave 
Sludio as well as other e lectromagnetic s imulators in their ability to model the 
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dielectric- loaded twisted loop antennas, and for the refinement of the dielectric 
geomelries that were already modelled. 
When the paras itics were included in one of the ea rlier Bluetooth twisted loop designs 
in chapter 3, they were positioned half way between the two helical wires forming the 
rad iating section. The air-QHA has a radiating section comprised of four he lical 
wires, two stra ight and two meander helical wires, therefore four parasitic helical 
wires were utilised in the GPS investigation. 
The four parasitics were placed around the balun rim, half way between the ex isting 
helical wires of the radiating section. Each of the paras itics had the same pitch angle 
as the existing helices so they remained equidistant with the helices as they 
progressed up the radiating section. This procedure was adopted to maintain a degree 
of symmetry about the structure, and to keep the influence the existing radiating 
helical wires have from the paras itics relatively consistent with respect to one another. 
A visualisation of the GPS air-loaded quadrifilar helix antenna with parasitics can be 
seen in Figure 4.25. 
Figure 4.25 Air Quadrifilar Helix with 50% Parasitics 
Figure 4.25 shows the parasitic helices orig inating from the balun and fini shing open-
ended pointing towards the top of the antenna structure. Twenty wires were used to 
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prov ide good definiti on and numerical accuracy to the initial full -length paras itics. 
This definition in the paras itic helices would mean the same resolution is used for the 
paras itics and the original helices in the rad iating section. 
The parasitic helices were then gradually reduced in size by removing a wire from 
each of the parasitics at their open end. Therefore for each wire removed from a 
parasi tic helix a reduction in its size of 5% would be experienced. This is similar to 
the procedure performed in the paras itic study with the twisted loop bluetooth des ign 
in chapter 3. 
The complete structure with the paras itics at their max imum height required 385 wires 
and 933 nodes. This equates to over 80 supplementary nodes being inserted into the 
structure for the additional four helices, thi s was mandatory so the paras itics could be 
incorporated into the des ign with no simulation guidelines broken. From the bluetooth 
study with the parasitics, it was found the paras itics had maximum influence on the 
resonant frequency of the antenna when they were at around 50% to 60% of thei r 
original height. Therefore the paras itic helices on the air-loaded GPS antenna were 
initiated at 70% of their full height and then reduced in 5% steps. For each new 
simulation the S 11 response and far field patterns were recorded and analysed. 
The SII for a sample of the simulations carried out, with parasitics helices ranging 
from 70% to 50% of their original height, can be seen in Figure 4.26 and 4.27. The 
S 11 of the air QHA with no paras itics is also included for the comparison. The 
parasitic helices were of constant height with respect to one another for each 
simulation. The constant height was so the resonant modes brought about by the 
parasitics were all at the same frequency, and so fewer variables were present in the 
simulations performed for this preliminary investigation. 
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Figure 4.27 SII Plot of Air-QHA with varying sizes of Parasitics 60%, 65 % and 70% 
The insertion of the 70% parasitics into the GPS slructure causes the resonance of the 
axial mode to increase by over SOMHz in frequency as seen in Figure 4. 27. As the 
parasitic helices decrease in length, its resonant frequency increases and forces the 
axial mode even higher in frequency. As the paras itic helices were decreased to 
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around 55% to 60% of their orig inal size, maximum coupling with the axial mode was 
observed. Further simulations with parasitics around thi s length would be 
recommended to atta in optimum coupling for broadbanding. 
As the parasitic helices are reduced further in length, the resonant frequency of the 
parasitic mode increased further and the two resonant modes became distant to each 
other once again. When the paras itics were reduced in length by 50% or more, the 
GPS axial mode began returning to the resonant frequency 1593.42MH z fo r which the 
air QHA was des igned. 
One of the concerns about introducing paras itics into the quadrifilar helix des ign was 
the influence they would have on the right hand circular fa r fi eld pattern. If the 
characteristic cardioid pattern was distorted by the introduction of the parasitics, then 
beamwidth coverage and gain of the RHCP far fi eld radiation pattern of the antenna 
could be compromised. Thereby frustrating the advantages a quadrifilar helix 
generally possesses over other antennas for GPS applications. 
Another concern arising from the introduction of the paras itics was the magnitude of 
the axial ratio. Suppos ing the characteristic cardioid pattern remained relatively 
unchanged, if the paras itics presence affected the ax ial ratio considerably, then the 
antenna would no longer be circularl y polarised and be less optima l for GPS. 
Therefore the far field patterns and axial ratio at the resonant frequency of the axial 
mode required monitoring. 
To analyse the e ffects of the paras itics, the far fi eld patterns are observed for two case 
scenarios. Firstl y, when the parasitics are 60% of their original length and very close 
to coupling with the axial mode and secondly when the paras itics are at 50% of their 
original length and have moved further away from the axial mode. Although the 
second case study does not permit broadbanding, it does highlight the e ffects of the 
parasitic helices on the ax ial mode and introduces the poss ibility of making the 
antenna dual band due to the second resonant mode being in the PCS communication 
band. 
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The S II response of the 60% parasitics in Figure 4.27 showed two resonant 
frequencies in close proximity to one another, making the identification of the ax ial 
loop mode problematical from analysis of the S I1 alone. Scrutiny of the far fi e ld 
patterns of both modes made recognition of the GPS mode relatively stra ightforward, 
as demonstrated in Figure 4.28 and 4.29. 
RHCP View RHCP Plan View 
.aJ os os 
LHCP View LHCP Plan View 
.as ·os os 
Figure 4.28 Circular far field patterns for the first resonant mode of the air QHA with 60 % 
Parasities (l530MHz) 
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Figure 4.29 Circular far field patterns for the second resonant mode of the air QHA with 60% 
Parasitics (I n OMHz) 
It can be inferred from the far fi eld patterns in Figure 4.28 and 4.29 that the second 
resonant mode is the axial GPS mode of the antenna and the add ition of parasitic 
helices have instigated deformations in the cardioid pattem as well as major frequency 
shifting. Inspection of the axial ratio at the bore s ight of the antenna revealed a value 
of 0.757 and an angle of 116.53 at the first resonance mode, and a value of 1.265 and 
94.53 at the second. Neither of the values recorded gave add itional ev idence to 
suggest which emanated from the circularly polarised mode, although the trend in the 
S 11 curves and the appearance o f the far field pattern would suggest the second 
resonance mode originated from the axial loop mode. The shape of the far field 
pattern of the first resonant mode, induced by the parasitics, resembled the linear 
polarised modes seen in chapter 2 and chapter 3 for the twisted loop structures. 
The pattern deformation of the axial mode induced by the parasitics meant 
broadbanding by this method fo r GPS application was not recommended. However, 
the linear appearance of the parasitic mode suggested that the idea of dual -banding 
was not an unreasonab le proposition, providing the parasitic mode lay in the correct 
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communication band and was sufficiently distant in resonant frequency from the GPS 
band (centre frequency of 1575.42MHz) that it had neglig ible effects on the ax ial 
mode. Th is assumes that the ax ial loop mode returns to its cardio id shape if the 
parasitic mode resonates suffi cientl y far away from the ax ial mode. 
The far fi eld patterns of the modes fo r the air QHA with the parasitics 50% of their 
original length in Figure 4.30 and 4.31 do provide some evidence to the assumption of 
the axial mode returning to its original formation when the parasitic mode is 
sufficientl y higher or lower in frequency. The first mode of resonance for the 50% 
parasitic QHA is the axial mode, and as predicted its far field pattern had notably 
returned to its characteristic cardioid pattern. The second mode of resonance was 
identified as the parasitic mode and its linear far field patterns appeared s imilar to the 
bifilar far field patterns seen previously in chapter 2 and 3, complete with a null in the 
horizontal plane that could be directed towards the users head. It is perceived that 
through further research thi s null towards the users head could be optimised. 
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Figure 4.30 Circular far field patterns for the first resonant mode of the air QHA with 50% 
Parasitics (l570MHz) 
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Figure 4.3 1 Linea r fa r field Components for the Second resonant mode of the air QI-IA with 50% 
Parasitics (l870MBz) 
When the two modes were scrutini sed further utilising the axial ratios of the circularly 
polarised components, the axial mode was found to be circularl y polarised exhibiting 
an axial ratio magnitude of 0.989 and angle of 94.51° This demonstrated that when 
the parasitics were of a resonant length close to the resonance of the axial mode, the 
circular polarisation of the antenna is comprom ised. 
The axial ratio magnitude and phase displayed by the parasitic mode were 0.540 and 
108.30° respectively at the zenith of the far field pattern. It is clear the axial rat ios of 
the two resonant modes for the 50% parasitics QHA are not as closely related as the 
two modes for the 60% parasitics QHA, and by making the parasitic and axial mode 
suff iciently far apart in resonant frequency allows independence in their operation in 
terms of far field pattern and axial ratio. 
The co and cross polar far field patterns of the second resonance did provide evidence 
to suggest a linear mode suitable for PCS communications band (1850-1990MHz) 
cou ld be developed with further research of the parasitics . This research cou ld involve 
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the number and location of parasitics to al ign the null of the far fi eld pattern in the 
direction of the users head. 
It is recognised by the author that different signal strengths would be required for 
GPS, which invol ves the reception of weak signals, and PCS or other communication 
bands that use comparably higher signal strength . The different signal s trengths for 
the different operations would be controllable. It is also accepted different 
polarisations would be required for the different operations, but as the GPS 
information would be obta ined as a one-off measurement and not continually 
calculated, the function of the antenna in thi s capacity is not an unreasonable 
proposition. However the original motivation to use the parasitic resonators as a 
means to increase the bandwidth of the GPS antenna was seen to be limited. 
Once again with the paras itic work, only a brief study had been completed to see the 
effects they have on the antennas response and to see if they warranted add itional and 
more intense analysis. For this reason no measurements had been performed for 
compari son with the simulated results. As yet no further investigations have been 
undertaken by any party to the author's knowledge. 
4.6 Conclusions 
A quadrifilar helix antenna designed for GPS L1 band (frequency 1575.42 MHz) was 
developed and modelled using the Method of Moments (MoM) electromagnetic 
solver MiniNEC Professional for Windows. Although at this stage in the research 
avai lable computational resources had improved significantly, from 330Mbytes of 
RAM Pentium II 350MHz PC to 512Mbytes Pentium IV 800MHz and better, a 
simplistic approach to modelling the QHA without its dielectric-Loading was 
undertaken. 
The air-loaded design was chosen because the additional complications of modelling 
an antenna with two twisted loops, that were quadrature phased to generate circular 
polarisat ion, was unknown. Furthermore the assessment of the dielectric-loading 
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capabilities of present day software had not been meticulously investigated. Only a 
limited number of simulations had been performed on a simple twisted loop bifilar 
structure and a variety of results had been obtained. Therefore further investigations 
into the software packages with dielectric-loading capabilities were required, with 
modelling techniques and confidence in the packages ability needing to be develo ped. 
Past publications (16) have shown ai r quadrifilar he lices, without an integral balun or 
cable feed , modelled with dual feeds at 90° to one another. This simpli fies the design 
considerably as well as the generation of phase quadralUre, as the differential in path 
lengths would no longer be required. Unfortunately this des ign would not have the 
advantages of isolation brought about by the novel integral balun and would require a 
balun trap to iso late and maintain the feed. These types o f quadrifilar helices would 
also exhibit comparable left-hand circular components to right-hand circu lar 
polarisation. 
When modelling the air QHA with integral balun using a s ingle sourced coaxia l feed 
with the method of MoM package (MiniNEC) it was found the balun rim had only 
limited influence on the inducement o f phase quadrature essential for this type 
antenna. Even with a much increased crown he ight from 0.6mm to I O.Omm on the rim 
of the balun, phase quadrature was not reali zed in the currents halfway up the 
rad iating section. 
The use of turnstil e and double loop antenna proved useful tools in understanding the 
generation of circular polarisation and the awareness o f certain characteri stics when 
examining the impedance plots, ax ial ratios as well as the development of the far fi eld 
patterns as the path lengths of the arms or loops are modified. 
When modelling the air QHA with a s ingle feed excitation it was found that one way 
of generating the path differential required for phase quadrature was to meander one 
pair o f the twisted loops in the radiati ng section. The procedure for generating the 
points for the meander-line helices have been outlined earlier in the chapter, as well as 
a procedure for effi cientl y resca ling the model to acquire circular polarisation at a 
particular frequency when using meander lines. 
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The circularl y po larised far fi eld patterns showed well defined characteristic cardio id 
pattern for the right hand circul ar plots, with a front -to-back ratio of -40dB or better, 
and very litt le left hand c ircular polarised patte rns. When the boresight of the fa r field 
pattern was scru tin ized, its axia l rat io was found to be 1.01 wi th an angle of 92.59, 
which is close fo r optimal c ircular polarisation (perfect CP hav ing ax ia l ratio = 1.0 
and angle of 90.00). The s imulated right-hand c ircular patterns showed good 
agreement with measured results of the air and dielectric-loaded antennas . This was 
for the final des ign which required scaling up by a 3.24 multiplication factor from its 
dielectric counterpart. This factor gives a re fl ection of the metallisation being on the 
surface of the dielectric core and not being embedded into the ceramic. 
By the insertion of paras itics into the quadrifil ar helix structure there lays an 
opportunity to make the antenna dual banding (GPSfPCS) and dual polari sed. This is 
provided the resonant mode induced by the paras itics is not too close to the ex isting 
ax ial mode, otherwise deformation of the ax ial loop mode will be observed. From the 
investigations performed, the introduction of paras itics to make the quadrifil ar heli x 
antennas narrow band broader would not be adv isable due to the distortion of the far 
field pattern , the d iffi cult contro lling of the frequency shi ft caused by the paras itic 
mode and the change in ax ial ratio. 
It is clear from the work performed in thi s chapter there are opportunities for 
developing the work with the parasitics with the air QHA, includi ng the optimisation 
of the far fi eld patterns at the requis ite resonant modes, the effect o f introducing more 
paras itics into the structure or the removal of some of the existing paras itics . Work 
could also be perfo rmed on the relocation of some of the parasitics to other areas on 
the air-loaded surface, and the use of additional parasitics to increase the effi c iency in 
the linear polarised modes. The investigation to increase the effi ciency of the linear 
mode by the introduction of paras itics can also be applied to the bifil ar twisted loop 
structures in chapter 2 and 3. These are just a few proposals that could be investigated 
and have been inspired by the work with the paras itics helices. 
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CHAPTER 5.0 
MEASURED RESULTS OF THE QUADRIFILAR HELIX 
ANTENNA 
5.0 Introduction 
In this Chapter the properties of a dielectric-loaded quadrifilar helix antenna will be 
compared with another antenna suited to Global Positioning System (GPS) 
applications. The other antenna used in this evaluation is a patch antenna that is 
widely used for ex isting GPS applications. The reason for this comparison is to justify 
and illustrate, using measured results, some of the properties of the dielectric loaded 
twisted loop topology that have been mentioned throughout this thes is. 
The use of a comparative study will emphasise some of the advantages and 
disadvantages of using the dielectric loaded quadrifilar helix for mobile GPS 
applications. It will also highlight some of the issues encountered by antenna 
designers of GPS antennas for handheld GPS devices. Section 5. 1 analyses the change 
in antenna response that occurs in free space when varying ground planes are used on 
the patch antenna and then on the quadrifilar helix. Although a ground plane is not 
required in the case of the quadrifilar helix, the patch antenna does require a ground 
plane because the patch is fed in a s ingle-ended way and effectively resonates against 
the ground system. 
Section 5.2 observes what happens to the response of both antennas when subjected to 
typical handheld positions. For this investigation the patch was mounted on a 50mm x 
50mm ground plane as this was representative of the size of ground plane used for 
patch antennas in many GPS dev ices. The quadrifilar helix antenna was measured 
without a ground plane as it was not required for this type of antenna to function. The 
responses of the two antennas were compared by observing their far field radiation 
patterns and S 11 plots. 
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For this chapter the main parameters used fo r the comparisons were zenith ga in, 
beamwidth and front-to-back ratio. The chapter will be summari sed in section 5.3 as 
conclusion and suggestions put fo rward for poss ible future investigations. 
5.1 Free Space Measurements 
The patch antenna and Dielectric Loaded Quadrifilar Helix Antenna {DLQHA} were 
measured in free space for their far fi eld radiation pattern . It is widely known that 
patch antennas require a ground plane to operate and therefore the patch was mounted 
on varying size ground planes to observe any change in response. This procedure was 
also repeated for the quadri filar helix and the response was analysed. 
Each antenna was placed within an anechoic chamber 4.7metres away from a right 
hand circularly polarised reference antenna. In all cases the boresight of the antenna 
under test was directed towards the reference antenna. The antennas under test were 
rotated 3600 in steps of 50 about the elevation plane for a fixed azimuth angle for good 
resolution. All the far fi eld radiation patterns were measured at the GPS frequency 
157S.42MHz. 
5.1.0 Patch Free Space Measurement 
When the patch antenna was mounted in the anechoic chamber its ground plane was 
increased in size from 2Smm x 2Smm to 50mm x SOmm and finally to 7Smm x 
7Smm. The Sll response of the patch antenna with varying ground planes is shown in 
Figure 5.1. It can be seen that as the ground plane was increased the resonant 
frequency of the patch shift higher in frequency and the match at resonance improves. 
This is characteristic of patch antennas and is widely known. In this measurement it 
was seen that the resonant frequency of lS7S.42MHz was not achieved fo r any of the 
ground plane vari ants. 
The main shift in resonant frequency was seen when the ground plane dimensions 
were changed from 2Smm x 2Smm to SOmm x SOmm. The shift in resonance became 
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less when the ground plane was increased further to the 7Smm x 7Smm ground plane, 
but fewer GPS devices have the capacity to incorporate a 7Smm x 7Smm ground 
plane into their design, and with modern handheld devices gelling smaller the shift in 
resonant frequency of the patch antenna could become an issue. 
• 
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Figure 5.t SII of Patch Antenna with Varying Ground Planes 
When the relative far field patterns are observed for the patch antenna with varying 
ground planes in Figure S.2, the importance of the ground plane to the patch antenna 
is observed. It can be seen the initial increase in ground plane size, from 2Smm x 
2Smm to SOmm x SOmm, improved the zenith gain from --4.0dBi to 1.9dBi and also 
improved the general shape of the far field pattern. i.e. the front-to-back ratio was 
seen to increase from 2.0dB to 10.7dB 
Ideally for GPS applications a high zenith gain is required with a broad 3dB 
beamwidth and high front-to-back ratio. This would ensure the maj ority of the far 
field pattern is above the hori zon which is ideal for satellite reception. Therefore in 
Figure S.2 the patch with a SOmm x SOmm ground plane was preferable. Due to the 
resonant frequency of the patch with Ihe 7Smm x 7Smm ground plane being further 
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from the GPS frequency than the patch with the 50mm x 50mm ground plane, its far 
field pattern was less optimal. 
Patch at GPS Frequency 
o 
25mm x 25mm Ground Plane 
- SOmm II 50mm Gtound Plane 
- 75mm x 75mm Ground Plane 
Figure 5.2 Far Field Patterns of Pa teh with Varying Ground Plane 
Although in Figure 5.2 the patch on a 50mm x 50mm ground plane was seen to be 
more optimal at the GPS frequency, it is recognised that the patch on the 75mm x 
75mm ground plane does have a more optimal pattern at its resonant frequency. 
Therefore the patch could be tuned so the antenna on the 75mm x 75mm ground plane 
resonated at the GPS frequency. As patch antennas are seldom used in free space for 
GPS applications the main issues of concern are changes in resonant frequency of the 
patch antenna with varying ground plane and the characteristic pattern if the patch 
antenna is not optimally tuned to the GPS frequency. 
5.1.1 DLQHA Free Space Measurement 
The same procedure fo r the patch antenna was then applied to the dielectricall y 
loaded quadri filar helix antenna. As the quadrifilar helix in itially has no ground plane, 
only a 25mm x 25mm and 50mm x 50mm ground plane was utilised in the fa r field 
measurements. From these measurements trends fo r the far fi eld patterns with 
increasing ground planes for the quadrifi lar helix could be observed. 
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511 of Sarantel Passive Antenna with Varying Ground Planes In Free Space 
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Figure 5.3 St I of DLQHA in Free Space with Varying Ground Plane 
Figure 5.3 shows the SII antenna response of the DLQHA with the vary ing ground 
planes. The antenna responses show negligible frequency shifting was experienced 
when additional ground planes, other that the coppering on the reverse side of the 
patch element itself, were added and then increased in size. This response comes 
about due to the integral balun and feed system in the DLQHA structure that gives the 
antenna a balanced feed and isolation. Therefore very little frequency shift was 
expected and seen in the antenna response when the ground planes were introduced. 
The isolation created by the balanced feed system and the integral balun would also 
mean that the currents remain in the radiating section of the twisted loop topology, 
and therefore negligible change should be seen in the shape of the far field radiation 
plots. The right hand circular far field plots for the DLQHA with varying ground 
planes are shown in Figure 5.4. The characteristic cardioid pattern as predicted by 
Kilgus [1-3], and in other publications [4-7], was prominent and apart from an 
increase in zenith gain from - 2.7dBi to O.3dBi very little change was observed in the 
far field pattern with increas ing ground plane. 
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Without the ground plane present a front-to-back ratio of 15.8dB and a -3dB 
beamwidth of 1250 was observed. This was compared to the patch with a 50mm x 
50mm ground plane that had a front-to-back ratio of 10.7dB and a -3dB beamwidth 
of 1000 as these would be the relative sizes of the antennas allowed in existing GPS 
products. 
Sarantel Paulve Antenna at GPS Frequency 
o 
No Ground Plane 
- 25mm )( 25mm Ground Plane 
- 5Omm It 50mm Ground Plane 
Figure 5.4 Far Field Patterns of DLQHA with Varying Ground Plane 
Although the free space measurements do show the characteristic responses of the 
antennas measured, they do not show the antennas behaviour on an applications 
platform where the characteristic response of the antenna could change dramatically. 
5.2 Working Environment Measurements 
To measure the GPS antennas in a typical working environment the topologies of the 
antennas were considered. The dielectric loaded quadrifilar helix antenna was used 
without a ground plane and uti lised in a typical handheld position for a protruding 
antenna. In contrast, the patch antenna was mounted in a s imilar fashion to current 
embedded antennas with comparable flat topologies. For the two handheld positions 
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in the measurements the relati ve posi tions of protruding antennas and patch antennas 
were considered in current handsets. The two pos itions of the antennas are presented 
in Figure 5.5 and will be described in more detail. 
Figure 5.5 Handheld Measurement Positions of the (a) DLQHA and the (b) Patch Antenna 
In Figure 5.5 the turntable and hand used for the measurements can be seen. The 
turntable was required to hold the biological hand during the measurements. To make 
sure the turntable had little effect on the measurements, the antennas were measured 
in free space and then in 'free space' in the presence of the turntable. 
The hand was then introduced into the relevant handheld position. The hand produced 
by SARTest, is made to be representative of a normal human hand so energy 
absorption should be similar to real-li fe scenari os. The experimental set up is then 
rotated 3600 scanning the elevation plane for the far field measurement; this is 
equivalent to a 3600 rotation of the horizontal plane in the anechoic chamber. Once 
again the right had circular far field pattern and S 11 measurements were taken. 
5.2.0 Handheld Quadrifilar Helix Antenna 
When holding a handheld phones with a protruding antenna the user normally holds 
the handset of the phone and not the antenna. Therefore when deciding on an 
appropriate position in which to take a far field measurement it was considered that 
the worst-case scenario for the DLQHA would be when the user held the matching 
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box of the antenna. This was seen in Figure 5.5(a) that showed the matching box 
being held by the finger and thumb of the model hand. 
In reality this would portray a worse scenario than reality, as the matching box would 
be embedded in the phone housing, and the casing would provide a small di stance a 
distance between the hand and the matching circuit box. The S11 results of the 
DLQHA scenarios can be seen in Figure 5.6. It can be seen that the neither the 
presence of the turntable nor the presence of a hand has much effect on the 
performance of the quadrifilar helix antenna with integral balun. 
Effects of Hand on 511 on Sarantel Passive Antenna with No Ground Plane 
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Figure 5.6 Stt Proximity Effects of Hand on DLQHA 
The unyielding behaviour seen in the S 11 curve in Figure 5.6 was also seen in the far 
fi eld patterns presented in Figure 5.7. Above the hori zon negligible change was seen 
in the far fi eld radiation pattern. Below the horizon some changes could be seen, but 
in general the far field radiation pattern of the DLQHA held its characteristic profile. 
In Figure 5.7 the zenith gain decreased from -2.7dBi to -3.2dBi by the introduction of 
the hand. The beamwidth also decreased from 1250 to 1200 and the front-to-back ratio 
decreased from 15.8dB to 11.1dB. Therefore demonstrating that a protruding antenna 
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of this topology does not suffer greatl y from close proximity effects from the phantom 
hand when used in a typical handheld pos ition. 
Effects of Hand on Sarantel Antenna with No Ground Plane 
o 
- Fr •• Space 
.- With TurnTable and Hand ! 
Figure 5.7 RHCP Far Field Pattern of Proximity Effects of a Hand on DLQHA 
5.2.1 Handheld Patch Antenna 
In Figure 5.5 it was seen that the patch antenna was measured in a different pos ition 
to the quadrifilar helix antenna. Due to its flat topology the patch antenna would be 
embedded in the casing of the mobile handset. This would mean that the hand would 
be placed directly over the antenna in the pos ition seen in Figure 5.5(b) . Furthermore 
as most current GPS devices utili se the patch antenna on a 50mm x 50mm ground 
plane the measurements also utilised the same size ground plane. 
When the model hand was incorporated into the measurement it was pos itioned 5cm 
away from the antenna, with only the fingers of the hand obscuring the direct line of 
sight of the bores ight to the reference antenna. In reality with a handset the palm of 
the hand could be pos itioned over the antenna less than lcm away making any 
proximity effects more intense. 
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511 of the Effects of a Hand on a Patch with . 50mm x SOmm Ground Plane 
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Figure 5.S Stt of Hand Proximity Effeels on a Patch Antenna wilh 50mm x 50mm Ground Ptane 
Figure 5.8 shows how the response of the antenna changed when in the typical 
handheld pos ition. The resonant frequency of the antenna shifted up in frequency and 
its match deteriorated. The change in the antennas characteri stics were also seen in its 
far f ield pattern as shown in Figure 5.9. The zenith gain was seen to drop from 1.9dBi 
to - 14.SdBi , and the shape of the far field pattern showed immense deformation that 
would be unsuitable for the platform the antenna was des igned for. 
Passive Patch with 50mm x 50mm Ground Plane with Hand at GPS Frequency 
o 
SOmm I( SOmm Ground Plane 
- SOmm It SOmm Ground Plane on TurnTable with 
Hond 
Figure 5.9 Far Fietd Patterns of Ihe "(and Proximity EffecIs on the Patch Antenna 
-147-
Measurements of the QHA Chapter 5 
The majority of the far fi eld pattern shown in Figure 5.9 for the patch antenna in the 
applications pos ition was pointing in a southerly direction. Unfortunately for GPS the 
far fi eld radiati on pattern should be directing the reception towards the satellites, i.e. 
above the hori zon. The characteris tics of both of the measured antennas before and 
during the handheld positions are summarised below in Table 5.1. 
Zenith Gain Beamwidth Front-to-Back 
(dBi) (Degrees) Ratio (dB) 
DLQHA -2.72 125 15.82 
Handheld DLQHA -3.24 120 11 .12 
Patch with 50mm x 1.91 100 10.71 50mm Ground Plane 
Handheld Patch with 
50mm x 50mm Ground -14.47 N/A -0.94 
Plane 
Table 5_1 Summary of the Close Proximity Effects on OLQHA and a Patch Antenna 
5.3 Conclusions 
Measurements were performed on a dielectric loaded quadrifilar helix antenna wilh 
integral balun and a patch antenna to evaluate their performance in free space and in a 
suitable handhe ld pos ition. For the measurements in the relevant handheld position a 
phantom hand was utilised which had the same density as a normal human hand. 
When the free space measurements were executed , the resonant frequency of the 
patch antenna changed depending on the size of its ground plane. The greatest shift in 
resonant frequency for the patch antenna was when the ground plane was increased 
from 25mm x 25mm to 50mm x 50mm. When the trend in modern products of 
becoming smaller is considered this shift in resonant frequency becomes particularly 
relevant. 
Furthermore, for the patch antenna with a 25mm x 25mm ground plane the far field 
pattern was least optimal for GPS reception compared to the increased ground plane 
measurements. Therefore if the size of GPS devices continues to decrease in future 
markets then the patch antennas performance would be expected to decline. 
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In comparison the DLQHA had negligible frequency shift when a ground plane was 
included in the measurement and the far field rad iation pattern showed a persistent 
cardioid pattern. Therefore the antenna would not need redes igning for a decrease in 
handset s ize. This is characteristic of the antennas isolation properties due to its 
integral balun and containment of its reactive near fields due to the high dielectric 
core are publicised by Leisten et al [5 ,8]. Genera l characteristi c properties about the 
DLQHA have been published in the form of simulated results, by [5-6], and measured 
results by McEvoy et al and Leisten et al [7,9, 10] . 
The isolation of the dielectric loaded quadrifilar helix antenna was highlighted further 
when mounted in the applications pos ition, with the thumb and the finger of the hand 
touching the matching circui t box. It was seen that even with the inclus ion of the 
hand, the far fi eld radiation pattern and S II still maintained their shape. Very 
negligible close proximity effects were observed in the antennas response. 
The patch antenna with a 50mm x 50mm ground plane had shown a good free space 
far fi eld pattern. However when mounted in an applications position with the hand 
50mm away from the antenna a sign ificant frequency shift as well as signifi cant far 
fie ld pattern deformation was observed. This showed that if a patch were introduced, 
as a solution for a GPS handheld dev ice a number of issues would have to be 
addressed. 
1. What resonant frequency should the antenna have before being mounted on 
the phone 
2. To reduce the deformation of the far field pattern how should the patch be 
positioned on the handset given its size and shape 
3. When the antenna is held, are different antenna designs required for different 
s ize hands due to the frequency shifting and pattern deformation? 
For the dielectric loaded quadrifilar helix antenna these issues do not need to be 
addressed due to its predictable and repeatable response. Although it had lower zenith 
gain than the patch antenna in free space it did have superior beamwidth and front -to-
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back ratio. In the applications positions the quadrifilar helix antenna out performed 
the patch on all three criteria. 
Given the narrow bandwidth of the GPS frequency band, a predictable response 
would be required which does not alter when the GPS device is in use. Therefore 
making the DLQHA a more enab ling technology for current GPS applications over 
the patch antenna in the experiments performed. 
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CHAPTER 6.0 
CONCLUSIONS AND FUTURE WORK 
The design and analysis of cylindrical twisted loop structures for use in mobile 
telecommunications was the main theme in this thes is. In particular two primary 
structures are used in the analysis; the basic twisted loop structure which is used for 
GSM. PCN and Bluetooth applications and secondly the quadrifilar helix antenna for 
GPS applications. Past publications by Leisten et al [1-11] have seen the two 
structures exploited as dielectric-loaded antenna models and their benefits over 
conventional antennas for mobile telecommunications highlighted. 
The research performed in this thesis was to support work being carried out by 
Sarantel Ltd. which has begun to produce miniature dielectric-loaded handset 
antennas. In particular it was motivated to fac ilitate rapid geometry construction and 
simulation of the twisted loop and quadrifilar helix structures in the analysis. design 
and modification investigations. By building air-loaded wire geometries using a 
commercially available Method of Moments electromagnetic s imulation package 
called MiniNEC. the demand for relatively rapid model construction and s imulation 
was met. 
Original work that was achieved in the duration of the research included; 
I. The successful modelling of an air loaded bifilar antenna with integral balun 
using both MiniNEC and FDTD which agreed with measured results. 
2. Comparative study of numerical electromagnetic s imulation software in the ir 
ability to s imulate the bifilar antenna. 
3. Modelling of a coaxial cable feed system using a method of moments 
electromagnetic s imulator. 
4. Characteristic far field pattern analysis of the Bifilar antenna utilis ing small 
electric and magnetic dipoles 
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5. Modelling of a bifilar antenna with a helical bowtie radiating section 
6. A new coaxia l cable based feed system that avoids the inclusion of the inner 
conductor, which consequently speeds up run time and avoids some of the 
stair-cas ing issues associated with the modelling of a coaxial cable. 
7. Increas ing the operational bandwidth of the bifilar by the insertion of parasitic 
resonators. 
8. Modelling an air-loaded GPS quadrifilar helix with integral balun, utilising a 
s ingle feed system. 
9. Insertion of parasitic resonators into the air GPS quadrifilar helix structure. 
10. A dual-band dual-polarised structure that radiates with circular polarisation in 
the GPS communications band and linear polarisation at the PCS 
communications band. 
11. Comparison of a dielectric loaded quadrifilar helix antenna wi th a 
conventional patch antenna for appl ication in a hand held environment 
The initial air-loaded twisted loop structure was developed from an eX isting 
dielectric-loaded antenna model using a direct sca ling factor of ok,. Although thi s did 
not generate a simulation model that accurately replicated the dielectric-loaded 
antennas response, the GSM model allowed fo r the primary modes of operation of the 
twisted loop structure to be accurately electrically modelled. The rad iating section of 
the antenna structure was constructed using 20 wires per hel ix to allow good visual 
and numerical accuracy. The integral balun sleeve was composed using convergence 
tested meshed structure which kept the structure simple for quick simulation time but 
still permitted accurate modelling. By using convergence testing for the initial design, 
the compromise between accuracy and high resolution modelling was demonstrated 
and this also highlighted the need for high resolution in the rad iating structure was not 
necessary. 
The thin film that is associated with the helical wires on the dielectric-loaded antenna 
structure was realised in the simulation model using a thin strip to wire approximat ion 
[1 2]. The complete twisted loop structure was successfully modelled with and without 
its fishhook feed using MiniNEC. The simulated model without the cable showed 
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good comparison with simulated results of the air-loaded model using an in-house 
finite difference time domain package. The simulated model with the cable showed 
good agreement with measured results. Furthermore the inclusion of the spec ifica ll y 
des igned simulated coaxial cable into the antenna structure excited more of the 
antennas primary modes. This showed the importance of the coaxial cable to the 
antenna structure and ultimately response of the antenna. 
Further analysis and modelling of the coaxial feed system showed that the coaxial 
cable could be simplified with the inner conductor removed. The technique involving 
the removal of the inner conductor meant a coarser resolution of the feed system was 
ava ilable, but crucia lly still allowed for the propagation of the s ingle-ended and 
hybrid modes without loss in accuracy of the overall antenna response. Due to the 
substantial amount of nodes required in the construction of the coaxial feed, a coarser 
resolution of the feed system would reduce the overall of the simulation time 
significantly. 
This technique could also be applied to other e lectromagnetic packages when 
modelling the twisted loop, fo r example; highlighted in the comparative study of the 
available software packages was the issue of stair-cas ing effects and simulation time 
based on the smallest cell. These effects become parti cularly crucial in the case of the 
cable feed in a dielectric-loaded model, as the smallest cell and most severe stair-
casing effects would be located at the outer conductor. Application of the technique 
developed in chapter 2 would eliminate the need for the inner conductor and PTFE, 
and simplify the geometry significantly. This would resolve the stair-casing effects of 
the feed system and decrease simulation time, as the smallest ce ll would no longer be 
that of the outer conductor. 
The use of MoM air-loaded wire geometri es to simulate the twisted loop structure 
significantly reduced the modelling issues of those faced when modelling the 
dielectric- loaded model. Importantl y, it allowed parametric changes to be 
implemented in the twisted loop model quickly with fewer modelling cons iderations. 
One such parametric study was performed on a bluetooth twisted loop topology, with 
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the balanced and single-ended modes were analysed for frequency shift under varying 
geometric changes. The frequency shifting di splayed by the balanced mode for the 
different conditions, could be justified by the theoretical changes in current 
propagation of the path loop lengths. The same, however, could not be sa id for the 
single-ended mode, which implied the existing theore tical path loop propagated by the 
current in the single-ended mode needed reviewing. 
Simulations with and without the feed cable indicated the true identity of the current 
path propagation of the single-ended mode, as the mode was only present when the 
feed cable was also in attendance. Analysis of the near fi elds demonstrated the actual 
path taken by the currents, where high fi eld strength was seen around the coaxial 
cable. This showed the current loop path consisted of the current flowing down the 
helices, down the balun side, across the balun base to the outer conductor and then 
back up the outer conductor to complete its loop path. Examination of the near fi elds 
for the balanced mode showed the wire model was not an optimal des ign, as some 
currents still propagated down the balun. These currents would account for the s light 
resonant frequency shifting seen in the parametri c studies where it was initially 
considered no shifting would occur. 
Further analysis was performed on the balanced mode focusing on its characteristic 
far fi eld radiation pattern. The modelling of a small electric and magnetic dipole 
provided a novel method of generating the far field pattern for the balanced mode and 
understanding any deformation that may be occur through modifications. The ability 
to generate the far fi eld pattern using the small dipoles was confirmed using a 
numerical analysis approach. This technique could be applied to looking at how the 
dominance of the dipoles are effected in different media; i. e. bifilars with ferrite cores 
instead of dielectric or varying dielectric constants, the optimisation of max imising 
the efficiency of the antenna. Looking at the trade off between efficiency and the 
specific absorption rate in antennas could also be performed. 
Although the twisted loop antenna has been highlighted throughout this research as 
having many benefits, one of the main disadvantages of the dielectric- loaded antenna 
was the narrow bandwidth covered at the resonant modes. Although preliminary 
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des igns failed to have a s ignificant impact on the available bandwidth, the addition of 
parasitics to the structure proved encouraging. The use of parasitics in the structure 
introduced supplementary resonant modes, which by varying adjusting the length of 
the parasitics, could be made to couple with the ex isting balanced mode. 
Consequently this would have the required effect of increas ing the operational 
bandwidth of the antenna. Unfortunately the match of the antenna response seemed to 
be comprom ised by the coupling parasitic modes, however from a positive 
prospective an outlet for future research in the broadbanding or multi -banding of the 
twisted loop structure was initiated. 
In conj unction with the latter part of the research with the twisted loop s tructure, 
research was also performed on the c ircularly polarised quadrifilar helix with integral 
balun. Once again, a wire geometry was constructed using the MoM MiniNEC 
electromagnetic software package but it was found that extra consideration was 
required for the quadrifilar helix structure. In the dielectric- loaded model a crowned 
balun rim was used to induce the phase quadrature that is vital for the generation of 
ci rcular polarisation. Regrettably it was found a crowned rim could not induce 
quadrature phasing in the he lica l wires of the rad iating section of the wire geometry 
generated. 
Simplistic antenna configurations were utili sed to ascertain antenna response trends in 
the generation of circular polarisation to aid in the development of the wire quadrifil ar 
helix. A meander line approach was ultimately undertaken in one of the pairs of 
orthogonal loops that make up the quadrifilar helix structure. These meander lines 
were located in the helical wires of the radiating section and were accurately defined 
in Cartesian coordinates using a mathematically defined spreadsheet. The add itional 
electrical length provided by the meanders permitted the s tructure to radiate with 
circul ar polarisation. The right hand circular far fi eld patterns showed good agreement 
with measured results of both air and dielectric loaded models; all exhibited the 
characteristic cardio id patterns, as demonstrated for the quadrifil ar helix by Kilgus 
[13-15]' as well as near ideal axial ratio of unity . 
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As with the dielectric-loaded twisted loop antenna, the dielectric-loaded quadrifilar 
helix also possesses a narrow bandwidth. Parasitic helices were added to the air GPS 
antenna geometry in an attempt to increase the operational bandwidth of the antenna. 
An investigation into the addition of parasitics to the structure revealed that 
deformation of the characteristic cardioid pattern occurred when the parasitics 
resonant mode was situated in the vicinity of the ex isting ax ial loop mode. 
Consequentl y, the quadrifilar helix antenna was investigated with the parasitics 
resonant mode des igned around the PCS communications band. This a llowed the axial 
loop mode to propagate with circular polarisation with negligible deformation to the 
volute pattern. The parasitic mode showed high co and cross polarisation similar in 
composi tion to that of the twisted loop. This means an opportunity has been 
demonstrated to exist for a novel dual-band dual polarised antenna structure. 
The introduction of parasitics to the twisted loop and quadrifilar helix structures 
created many avenues for future research. The dual-band dual-polarised G PSIPCN 
antenna is arguably the most important novel design to surface from the research 
carri ed out for todays market. Markets for the US E-911 and the European E-112 
emergency positioning location applications has meant a demand for a dual -polarised 
dual-band antenna has emerged. Future work can therefore be aimed at the 
optimisation and realisation of the dual-band design. More research could also be 
performed in a full analysis of the effects of the parasitics in both the bifilar and 
quadrifilar structures, as well as utili sing the parasitics to increase the efficiency of the 
bifilar twisted loop antenna. 
Finally, performing measurements on an applications platform high lighted the 
advantages of the cylindrical antenna structure used in this thes is. The relative 
positions of the patch antenna and quadrifilar helix structure were equated to current 
pos itions of antennas in mobile phones of embedded and protruding antennas. Little 
or no pattern deformation and negligible resonant frequency shifting was experienced 
by the quadrifilar helix antenna with integral balun when measured in the different 
arrangements. The patch antenna, as well as requiring a sizeable ground plane, 
exhibited pattern deformation and resonant frequency shi fting when measured. The 
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measurements performed were based on theoretical pos itioning of the re levant 
antennas, however, recent publications by the author have shown a commercially 
available handsets with GPS capabilities to be non-optimal for satellite reception 
when compared to the quadrifil ar helix antenna [11] . Future work is currentl y be ing 
undertaken in thi s area by the author, analysing the GPS performance and 
development of handheld devices for US E-911 and European E- 11 2 applications. 
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APPENDIX A 
ELECTROMAGNETIC SIMULATORS THEORY 
Introduction 
In the duration o f the research a number of electromagnetic simulator packages have been 
investigated and used for modell ing the twisted loop antennas . The two techniques that 
were used in the electromagnetic solvers within the simulation packages by the author 
consisted of the Method of Moments (MoM) and the Finite Difference Time Domain 
(FDTD) techniques. These two techniques are summarised in brief in this append ix to 
give the reader a greater appreciation of the modelling techniques. 
Method of Moments (MoM) 
MiniNEC uses thin wires to build an antenna geometry which is then solved us ing the 
MoM technique which is a well-documented technique [1-4J . The method of moments 
process begins with a number of important assumptions which are valid for thin wires. 
These include that the wire radius, a, is small with respect to the wire length and al so 
very small with respect to the wavelength. Because each wire within the antenna 
geometry needs to be subd iv ided into short segments, the radius of the wires must be 
small compared to the segment length. This means that the current can be assumed to be 
ax ially directed (i.e. there is no azimuthal component of the current). 
The electric fi eld for the wire geometry is formulated in terms of its vector magnetic 
potenti al and the sca lar electric potential. These two potenti als can be calculated from 
potenti al integra ls which are solutions of the Helmholtz vector and scalar wave equations. 
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The integrands from the potential integrals are the wire cu rrent and the wire charge 
distributions. The current and charge are linked by the equation of continuity. The 
boundary condition that tangential electric fie lds at the surface of a perfect conductor is 
used in MiniNEC, so that the electric field must be zero. As previous ly sa id the w ires are 
assumed to be thin therefore forcing the total axial electric field on the wire to zero. The 
three sources of the tangential e lectric field on the wire are; 
• Currents and charges on the wires and on nearby wires 
• Incoming waves from distance and nearby radiators 
• Local sources of electric field on the wire, usua lly in the form of voltage sources 
or transmiss ion lines that connect to the wi res 
By summing the tangential electric field components at each segment on the wire antenna 
and enforcing the zero total value an integral representation for the currents and charges 
is obtained. 
In essence, a solution for the induced current density in the form of an integral equation 
where the unknown induced current density is part of the integrand. MoM is then used to 
solve the current density. To illustrate the method, the electrostatic charge distribution on 
a finite stra ight wire of length I and radius a is firstly considered. It is placed along the y 
axis as shown in figure 1. 
Figure I Straight Wire al igned along the Y-axis 
The wire has a normali sed constant electric potential of 1 V. A linear charge distribution 
per') creates an electric potential VCr) g iven by 
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VCr) =-I- i p(r')dl' 
4Jr£, sOll rce R 
(1) 
This is valid everywhere including on the wire itself. Thus choosing the observation 
along the wire axis (x = z = 0) and representing the charge dens ity on the surface of the 
wire, equation 1 can be expressed as 
where 
1= _ I _ f' ply') dy' ,(O ~y~ t) 
47rlio JoR(y ,y') (2) 
R is the distance from the anyone point to the observation point. The observation point is 
chosen along the wire axis and the charge density is represented along the surface of the 
wire to avo id R(y,y') = 0, as this would introduce a singularity in the integrand of 
equation 2. Equation 2 which is an integral equation is then solved for the unknown 
charge density p(y ') based on the I V potential. The so lution can be arrived at by 
numerically reducing equation 2 to a series of linear algebraic equations that may be 
solved by conventional matrix equation techniques. This is achieved by approximating 
the unknown charge di stribution p(y') by an expansion of N known terms with constant 
but unknown coefficients, i.e. 
N 
p(y') = La"g"V) (3) 
Substituting this into equation 2 " ' I 
, 1 [N ] 
47rlio = foR(y ,y') ~a"g" (y') dy' (4) 
The wire is next divided up into N uniform segments, each with a length of /'), = IIN, as 
shown in figure 2. The go(Y') functions in the expansion (3) are basis (or expansion) 
functions and are chosen to accurately model the unknown quantity, whil st minimis ing 
computation. To avoid complexity subdomain piecewise constant functions will be used. 
These functions are of constant value over one segment and zero elsewhere. 
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Figure 2 Straight Wire with N Uniform Segments 
In equation 4 y is replaced by a fixed point on the surface of the wire, such as Ym, thi s 
results in an integrand that is a function of y', so the integral can be evaluated. This leads 
to one equation with N unknowns ao• To solve for these N amplitude constants, N linearly 
independent equations are required. To obtain these equations N observation point' s Ym 
are chosen on the surface of the wire at the centre of each 6. length element as 
demonstrated in figure 2. This results in one equation corresponding to each observation 
point; for N such points the equation becomes 
" g (y') ' g (y') 
47t6 =a J. ' d '+"'+ a r N d' 
o ' 0 R(y ' ) [)' N h N - 1)6 R(y ' ) [)' 
"Y I'Y 
(6) 
47t6 =a J." g, (y') d '+,,·+a r' g N (y') d' 
o ' 0 R(y ') [)' N J {N - 1)6 R (y ') [)' N'Y N'Y 
This can be written more concisely with matrix notation as 
(7) 
where each Zmo term is equal to 
z = J.' g . (y') dy' =J."6 1 dy' 
rn. o~(ym _ y') ' +a ' {n - 1)6 ~(ym _ y ') ' +a ' (7a) 
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and 
[lJ = [aJ 
[Vml = [4miol 
Appendix A 
(7b) 
The V m co lumn matrix has all terms equal to 411£0, and the In = an values are the unknown 
charge distribution coefficients. Solving equation 7 for [1nl gives 
(8) 
Either equation 7 or equation 8 can be solved easily using a computer by the use of 
matrix inversion or equation solving routines. 
[n summary equation 2 is an integral equation that can be used to solve fo r the charge 
di stribution. This is achieved using a method which is referred to as Method of Moments. 
To so lve equation 2 the unknown charge density p(y') is represented by N terms as given 
in equation 3. For equation 3 gn(y') were the set of N known functions referred to as basis 
or expansion functions, an represents a set of constant, yet unknown, coefficients. These 
bas is or expansion functions are chosen to represent the unknown charge distribution as 
best as possible. 
Equation 2 is applicable at every point on the wire and by enforcing (2) at N discrete but 
different points on the wire equation 2 is reduced to a set of N linearly independent 
algebraic equations shown in equation 6. In equation 6 a system of N I inear equations and 
N unknowns was derived by applying a constant 1 V potential at N discrete points on the 
wire which is referred to as point matching. This set of equations is generalised and 
solved for the unknown coefficients an in equation 8 using inversion matrix techniques. 
By calculating the coeffici ents an of the [I] matrix the charge distributions can be 
approximated using equation 3. Once the charge distribution and current distribution is 
known other antenna parameters such as input impedance and radi ation patterns can be 
readily obtained. 
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Finite Difference Time Domain (FDTD) 
The Finite Difference Time Domain (FDTD) technique, which is a well-documented 
technique [5-7] solves Max well 's curl equati ons in derivative fo rm in the time Domain. 
These equations are expressed in a linear form by utilising central finite di fferencing. 
Nearest neighbour interactions are considered in the computation and are advanced 
temporally in discrete time steps over rectangular spatial cells ca lled Yee cells (8). These 
cells are what are required to build up the antenna geometry. Although these cell s mean 
that the antenna geometries are volumetri c, thin plates and thin wire can be successfull y 
modelled. 
As mentioned the FDTD technique solves Maxwell' s curl equations, in a linear medium, 
as in equations 9 - 12 in the time domain 
Where D = €E and B = flH 
aB 
'\l x E =--
at 
'\l x H = aD +J 
at 
'\loD =p 
'\loB = 0 
(9) 
(10) 
(11) 
(1 2) 
These equations are sufficient to represent the field behaviour over time for linear 
isotropic materials, providing the initial fi e ld distribution is specified and satisfies 
Maxwell 's equations. Often the fi elds and sources are initialised to zero at time zero. The 
two divergence equations stated above are made redundant as they are contained within 
the curl equations and the initial boundary conditions. Therefore the starting point fo r the 
FDTD fo rmulation can be rewritten as 
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aH I (J"' 
-=--(VxE)-- H 
at fI fI 
(1 3) 
aE -(J" I 
-=-E +-(V x H) 
at I' & (14) 
Where J = crE to allow for any lossy di electri c material and cr' for magnetic conductivity 
in the case of any magnetic loss. This formulation only looks at the electromagnetic fi elds 
E and H and not the fluxes D and B. Any linear isotropic materi al can be specified if 
required as all constitutive parameters E, ~ cr and cr' are present. The two equations 13 
and 14 can be discretised if required to obtain total E and H field techniques by 
separating the fields into scattered and incident E fie lds. 
To keep this summary of the FDTD technique simplistic a perfect conductor FDTD 
formulation is considered. If a perfect conductor is being used then the scattered fie lds 
must satisfy the free space conditions cr' = cr = 0, Il = Il<>, E = Eo, there fore reducing 
equations 13 and 14 to 
aH I 
- =-- (VxE) 
at 1'0 
aE =_1 (VxH) 
at &0 
(I S) 
(16) 
The derivatives within these free space field equations are then replaced with finite 
differencing using 
aj == lim j(x,t , )- j(x,t ,) j(x,t , )- j(x,t,) (17) 
at "' .... 0 DJ DJ 
Of == lim j(x" t) - j(x"t) = j(x" t)-j(x"tl (18) 
ax "' .... 0 t:.x 6.x 
The finite differencing used is finite rather than infinitesimal. A central difference 
scheme is utilised that only retains its first order terms. The E and H fi elds are interleaved 
spatially and temporally because of this differencing; this is illustrated later with the Yee 
cell which is used to build up the antenna geometry and workspace. t.t within the 
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equation is given by the Courant Stabili ty condition, I'>t :s (l'>x)/d3 fo r cubical cells. By 
decomposing the vector Maxwell 's curl equations fu rther into their sca lar parts and by 
introducing the finite differenc ing from (1 8) the Ex and Hr components become 
(1 9) 
(20) 
Only two components are taken in order to show the process, all other components would 
follow naturall y. This completes the perfect conductor separate fi eld fo rmulation. Six 
field components are used in total which all fo llow the same fo rmat as equation 19 and 
20. These equations are then implemented into FORTRAN language. For a geometry 
space is quantized letting x = Il'>x, Y = Jl'>y and z = Kl'>z. Similarl y time is also quanti zed 
therefore t = nl'>t. Uniform cells, known as ' Yee cell s' , are defined wi thin the workspace 
and are located by indices I, J and K. Yee ce ll s position the field components at offsets 
which results in spatially centred differencing. In Yee notation E,n (I,J,K) represents the z 
component of the electric fi eld at time t = nl'>t at spatia l locati on x = Il'>x, Y = Jl'>y and z = 
(K + I /2)l'>z. This is demonstrated in the Yee cell in fi gure 3. 
Figure 3 Field Evatuation Points on a Yee Cell for (a) Etectric Fietds (b) Magnetic Fields 
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By using this Yee cells and the equations 19 and 20, the E field can be calculated at a 
time corresponding to n = N fro m its prior value at time n = N- l and the curl of H at time 
n = N-1I2, where t = M . H is then eva luated at n = N+ 112 from its earl ier value at n = N-
112 and the curl of E at n = N. This gives a centred difference or ' leapfrog in time' 
approach fo r the E and H fields components. This process is continually repeated; with 
each time the index N updated by 1 until a given number of time steps is reached. 
For lossy material and lossy dielectric slightly more complex equations to those in 19 and 
20 are derived, however the basic principal of temporal and spatial stepping of the E and 
H fields remains the same. Other considerations for the FDTD implementation are 
• Yeecell size 
• Time step size 
• Absorbing Boundary Conditions (ABC's) 
Each of these facto rs has an important ro le in the accuracy of the results that are obtained. 
The cell size must be small enough to permit accurate results at the highest frequency of 
interest but large enough to keep resources manageable. It is directl y affected by the 
materials present; for example if dielectric is being used then the cell size would need to 
be smaller. The greater the permittivity or conductivity, the shorter the wavelength at a 
set frequency and therefore a small cell is clearly required. 
Once the cell size is selected, the time step can be determined using the Courant stabi lity 
condition. If time steps are too large then instability becomes an issue. Absorbing 
Boundary Conditions are required as no computer can store an unlimited amount of data 
and therefore the workspace over which the geometry is simulated must be limited in 
size. The computation domain must be big enough to enclose the geometry and a suitable 
boundary on the outer perimeter is used to simulate the domains extension to infinity. 
This avoids reflected waves that would undoubtedly have detrimental effects on the 
accuracy of the final results. 
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APPENDIX B 
SIMULATED AND MEASURED FAR FIELDS OF DIPOLES AND 
TWISTED LOOPS 
Introduction 
The following plots show the fa r field radiation pattems for different configurations of 
small electric and magnetic dipoles. These were s imulated using MiniNEC to try and 
reproduce the far fi eld pattems that are characteristic of the bifilar antenna operating in 
the balanced mode. Before presenting the different electric and magnetic dipole 
configurations the required characteri stic balanced mode pattem is presented. 
The topology is then s impl ified into its twisted loop structure; thi s represents the path the 
currents would propagate around on the antenna structure if the balun on the bifilar was 
functioning optimally in the balanced mode. Next the small dipo les were simulated us ing 
different configurations including the electri c and magnetic dipoles s imulated on their 
own in free space, then together, and then fina lly with one of the dipoles dominating. 
The final plot is a measured dielectric loaded PCN antenna which had only a 0.43 helical 
tum in its radiating section. By following the plots it can be seen how the dominance of 
the magnetic or electric dipole dominates the electromagnetic dipole fa r fi eld pattem of 
the bifilar depending on the helical tum and media used in the radiating section. 
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Figure 2 Simulated Twisted Loop Antenna 
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Figure 3 Magnetic Dipole Aligncd on the X-axis 
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Figure 4 Electric Dipole aligned along the X-axis 
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Figure 5 Electric and Magnetic Dipoles Independently Fed 
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Figure 6 Electric and Magnetic Dipoles Independently Fed, Total Fields 
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Figure 7 Magnetic Dipole Fields greater than the Electric Dipole Field 
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Figure 8 Magnetic Dipole Fields less tha n the Electric Dipole Field 
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Figure 9 X-axis Electric Dipole. Y-axis Magnetic Dipole 
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Figure 10 X-axis Electric Dipole, Z-axis Magnetic Dipole 
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Figure 11 Measured Bitilar 
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